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EXECUTIVE SUMMARY

1
I
{

"The third annual report of the University Research Initiative project at UCSB
on High-Temperature, High-Performance Composites consists of sections compiled
in a total of six books. The first section in Book 1 is concerned with the properties
and structure of bimaterial interfaces and the related problem of coating decohesion
and cracking. The second section describes research on the strengths and fracture
resistance of brittle matrix composites manufactured with fibers, whiskers and
ductile phases. This information is presented in Books 2 and 3. The third section
addresses the flow and creep strength of reinforced systems, with emphasis on effects
of aspect ratio and the incidence of damage, and is offered in Book 4. The fourth
section, Books 5 and 6, describes work on processing of intermetallic and ceramic

matrices and compozites, as well as numerical modelling of the meli-spinning
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SECTION 2: STRENGTH AND FRACTURE RESISTANCE

FIBER REINFORCEMENT

The axial tensile properties of a range of fiber reinforced ceramics have been
rigorously evaluated and shown to be consistent with models previously developed
in the program. In particular, the matrix cracking stresses and the ultimate strength
have been predicted through the models based on independent measurements of the
elastic properties, the interface sliding stress, the interface debond energy, the
residual strain and the in situ strengths of the fibers. The basic models applicable to
tensile prcperties, as well as the methods for measuring the important
microstructural properties, are thus concluded to capture the essential features of

composite behavior.




Mode I resistance curve measurements have been made on composites heat
treated to produce fiber interfaces having sufficient sliding resistance that
delamination cracking is suppressed (Sbaizero). The materials and test specimens
lead to large scale bridging and the measured data require correction for this, as
elaborated below. The arack growth behavior has also been numerically simulated
(Hom and McMeeking) based on bridging and sliding traction laws derived in
previous research within the program. Good agreement between the simulation and
experimental data is demonstrated for an interface sliding stress consistent with the
measured fiber pull-out lengths. The results also reveal that frictional dissipation
during pull-out provides the main contribution to the toughness (K, = 20 MPaym
at steady-state) and that large scale bridging effects lead to substantial overestimates
of actual toughness levels when conventional linear elastic fracture mechanics
formulae are used.

Delamination cracking has been investigated in a laminated composite
(Sbaizero et al.) and the data have been interpreted based on solutions for mixed
mode cracking in anisotropic media (Suo). Delamination crack growth resistances
have been deduced and shown to be governed primarily by the matrix fracture
energy, with some contribution from distributed fibers that bridge the crack
surfaces. The crack is also found to progress into a steady-state trajectory along a
laminate interface; furthermore, the initial crack path rotates toward that interface in
a sense governed by the sign of Kj;.

To further understand these «itects, a new method for fabricating ceramic
composites has been invented (Folsom etal.). The method involves bonding
together thin ceramic sheets and thin layers of fibers to form a multiple sandwich
composite comprising of alternate layers of ceramic and fibers. The thin, strong
ceramic sheets are formed by a method used to make ceramic substrates for

electronic packaging. The fiber layers can be in the form of either aligned fibers or




cloth, which are penetrated with an appropriate bonding agent, e.g., an epoxy resin,
metal or ceramic powder. The composite is formed by sandwiching the ceramic
sheets with fiber layers and then bonding the ceramic sheets to the fiber layers with
an applied pressure at the appropriate temperature. Current work emphasizes
composites formed with epoxy resin, carbon fiber prepregs laminated between
ceramic sheets comprised of either alumina, transformation toughened zirconia, or
glass by hot-pressing. Because processing is simple and carried out at low
temperatures, large numbers of composite modifications are being explored.
Fracture resistance caused through bridging by fiber and/or by ductile
reinforcements has been addressed in the large scale bridging regime (Zok and
Hom), by experiments conducted on metal reinforced ceramics (Velamakanni et al.),
on fiber reinforced ceramics (Sbaizero et al.) and on a metal fiber reinforced polymer.
The results establish a strong influence of large scale bridging on the apparent
fracture resistance, consistent witl. numerical simulations of crack growth in such
materials. An approximate analytical solution has also been developed that
correlates well with the data and may be used for interpretation purposes and,
furthermore, generates actual material resistances from the experimental resuits.
Additionally, this work clearly indicates that nominal fracture toughness results can

substantiolly overestimcte 2ctual properties and must be used with caution.

DUCTILE REINFORCEMENT

Following the results of the previous year which highlighted the importance
of interface debonding and of the reinforcement ductility (Ashby etal.) on the
toughness, a systematic study has been completed on the effects of those variables
(Cao etal.; Deve etal.). For this purpose, experiments have been conducted on
composite cylinders and on laminated systems consisting cf TiAl and Nb/Ti alloys

(thizkness, 2R), with various thin oxide coatings and/or reaction product layers




between the matrix and reinforcements. The results reveal that Y,O3 coatings inhibit
reactions and also allow extensive deboncling (debond length d ~ 20R), consistent
with its relatively low fracturz energy (Fj ~ 25 Jm-2). For high ductility

reinforcements, such as high purity Nb, debonding leads to a large work of rupture
(% = 6~7). In the absence of a coating, more limited debonding occurs (d = 5-6R)

along a o-phase reaction product layer, resulting in a smaller work of rupture
(¢ = 2.5). Furthermore, for the latter, % is found to be similar for composite

cylinders, for laminates and for actual composites. High strength, low ductility
reinforcements, such as Ti-33% Nb, indicate different characteristics. In this case,
extensive debonding (induced by Y,O3 coatings) results in abrupt reinforcement
rupture and small ¢ (1-1.5). However, when debonding is suppressed by averting
the formation of a brittle reaction products layer, inhomogeneous deformation in the
Ti/Nb apparently suppresses necking and allows a moderately large work of
rupture (Y ~ 2-3 in laminates and {{ = 4-5 in composites). The approach needed to

achieve optimum toughening thus depends sensitively on the flow and fracture
behavior of the reinforcement. An important effect of matrix crack offset on X has
also been found (Ashby) in the sense that  increses as the offset angle increases. It
remains to ascertain how this benefit can be encouraged in actual composites.

An essential, related aspect of this study concerns diffusion-couple annealing
experiments which have been used to explore interactions between Y-TiAl matrices
and ductile-phase reinforcements based on -(Ti,Nb) alloys. The nature and rate of
evolution of the interfacial layers have been characterized and the interdiffusion
coefficients of Nb and Al in the 3-(Ti,Nb) phase have been calculated for the
900-100°C temperature range using a Matano-Boltzmann analysis. While the
interdiffusion coefficients are dependent on alloy composition, the activation
energies were found to be quite similar in all cases, about 250 + 40 kJ/mole

(Jewett et al.).




A process for producing ceramics with an interpenetrating network of a
metallic alloy has been invented (Velakammani et al.). In this process, ceramic
powder is packed within a pyrolyzable preform, e.g., an organic fiber felt, by
pressure filtration. The preform is then pyrolyzed at low temperature of produce a
powder compact containing pore channels remnant of the preform. The ceramic
powder is densified at higher temperatures without eliminating the pore channels
which at infiltrated with a molten metal. A systematic study of the fracture
toughness based on the above variables, which can be changed with this new
processing method, is in progress. Initial studies have emphasized Al,0O3 and
transformation toughened ZrO; matrices containing 20 lm fibers of a Al-Mg alloy
with an architecture remnant of a needled felt used to create the channels within the
ceramic. Squeeze casting is used to intrude the molten metal into the pore channels.
Preliminary fracture mechanics testing to determine crack growth resistance as a
function of crack length has shown that the ductile bridging ligaments increase
fracture toughness. |

Studies of the deformation behavior of the reinforcements have provided
additional insight. Deformation of TiNb involves rafted dislocation pile-ups in
narrow, coarsely distributed slip bands that extend large distances away from the
crack surfaces. Fracture occurs at the intersection of these bands. In the Nb system,
twinning and slip occur in the Y matrix around the interface and near the crack
plane, Furthermore, debonds along the O phase reaction product layers appear to

initiate at sites where the twins intersect this Jayer:




MATRIX TOUGHENING

An investigation of ceramics toughened with whiskers (Campbeli et 91.) has
cstablished both the prevalent contributions to toughness, as well as the realistic
toughening potential. The two principal toughening contributions derive from the
extra surface energy associated with debonding along the amorphous phase at the
interface and the energy dissipated as acoustic waves when the whiskers fail in the
crack wake. These contributions can lead to toughness of order Kq = 10 MPa+y/m.
Much larger toughness could be induced by encouraging frictional dissipation by
sliding and pull-out along debonded interfaces. Direct measurements of these
effects (Ashby) produce an opportunity to understand how this contribution can be
understood and emphasized.

Fracture resistance effects have also been explored for process zone
toughening mechanisms (Stump and Budiansky; Hom and McMeeking). These
results show that the resistance curves exhibit a peak preceding steady-state and that
the peak height is related to the gradient in volume fraction of trar.sformed material
in the process zone, {(y), in the sense that uniform transformation in the zone leads
to the maximum peak height. A comparison of simulated fracture resistance curves
with experimental results (Hom and McMeeking) reveals good agreement when
independent measurements of f(y) and of the process zone size and shape are used
to set the magnitudes of the parameters used in the simulation.

The overall toughness of a reinforced system may involve multiplicative
effects between matrix toughening and reirforcement toughening. Matrix
toughening behaviors include the transformation and whisker mechanisms noted
above, as well as twin toughening. Multiplicative effects with reinfercement
toughening occurs primarily with process zone mechanisms (twinning,
transformation, etc.). Analysis of the coupled toughening (Stump and Budiansky,

Hom and McMeeking) have demonstrated conditions that provide the extremes of




multiplicative and additive behavior. Also, resistance curves applicable when
multiple mechanisms operate have been simulated. These calculations provide the
insight needed to select matrix microstructures consistent with that reinforcement

scheme of choice.
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ABSTRACT

A cylindrical test specimen for evaluating the toughening of brittle
intermetallics by ductile reinforcements has been evaluated. A processing
procedure capable of producing specimens has been devised, using HIPing, and a
method for the tensile testing of the specimen has been established. Resuits are
presented for Y-TiAl reinforced with Nb and a Ti-33at%Nb alloy. The toughening
imparted by these materials is interpreted in terms of their strength, ductility and
interface reactions, as well as loss of constraint mediated by the extent of detonding

along the reaction product layers. Finally, the results are compared with those

previously obtained on actual composites.




1. INTRODUCTION

The concept whereby a brittle material can be toughened using ductile
reinforcements i{s now well established. Indeed, this approach has been used to
toughen both ceramics 14 and intermetallics, resulting in increases in the critical
stress intensity factor by as much as four hundred percent. The mechanism
primarily responsible for the increased toughness has been attributed to the plastic
work that occurs in the ductile ligaments as they stretch to failure between the crack
surfaces.26-3 The toughness systematically increases with increase in length of the
ductile bridge zone and eventually realizes a steady-state level at a maximum bridge
length governed by ligament rupture.6 At steady-state the increase in toughness,

AG. is given by, 37

AGe = fOoRY ' ' (1

where f is the area fraction of ductile material on the fracture surface, J, is the
uniaxial yield stress, R is a representative cross sectional radius for the
reinforcement and 7 is a "work of rupture" function which depends on the debond
length at the reinforcement matrix interface, d, the plastic displacement at ligament
failure, u*, and the work hardening coefficient, n. The ductile reinforcements may
also increase toughness by crack deflection’ and by trapping mechanisms. However,
the dominance of the plastic work contribution has been verified for several
toughened composites,8 leading to identification of Go, R, d and u® as critical
parameters controlling the toughness. These parameters are interdependent and
governed by the combined properties of the reinforcements and the interfaces. In
particular, deformation of the ductile phase takes place under :volving conditions

of constraint associated with debonding from the elastic matrix, strain hardening




and large geometry changes due to necking, crack propagation or shear band
formation. Easy debonding leads to lower deformation stresses and higher
ductilities, whereas strong bonding increases the effective deformation stresses but
decreases the ductilities. The interactions betwean these variables are clearly
complex. However, it is noteworthy that, for highly ductile reinforcements, such as
Nb in TiAl and Pb in glass, the effects on % appear to be manifest in a single plastic
stretch parameter,3 u*/R (Fig. 1a), with the effects of debonding implicit in the trend
with plastic stretch. Conversely, Ti-33at%Nb reinforcements in TiAl give an
anomalously high work of rupture.

The propertics of the ductile phase and interface are meciated by their
respective microstructures. For example, precipitation hardening in the ductile
phase increases G,, but may also diminish the ductility. Debonding is expected to be
a function: of the constitutive properties of the ductile phase, as well as the fracture
energy of the interface and/or reaction product layers. The purpose of the present
study is to establish a composite cylinder test procedure that allows systematic
investigation of the issues outlined above for composites having practical utility.

The test procedure is based both on the concept that toughening can be
described in terms of the stress/displacement relationship for a composite
cylinder2.3.6.7 (Fig. ib) and on the original success of testing such specimens
conducted on the model glass/Pb alloy system.3 This approach is extended in the
present study, by developing solid-state processing methods suitable for composite
cylinder testing applicable to material combinations having practical importance.
Specifically, the procedures are developed for a TiAl matrix reinforced with pure Nb
alloys and a Nb alloy. However, the methods have broad applicability to
intermetallic and ceramic matrix composites reinforced with high melting

temperature ductile alloys.




Andillary characterization techniques are used to relate the macrostructure
and microstructure to the mechanical performance of the composite specimens.
Furthermore, the results of the composite specimen tests are compared with actual
toughness measurements made on similar alloys fabricated by powder processing

procedures.3

2. THE TEST SPECIMEN

The basic test specimen consists of a concentric cylinder shown in Fig. 2, with
an outer matrix bonded to a central ductile reinforcement.3 The specimen, after
processing, is circumferentially notched and precracked up to the reinforcement. A
key experimental variable is the notch geometry in the vicinity of the wire.
Precracking is facilitated by a deep notch with a low flank angle which terminates
close to the wire interface. However, in order to accurately simulate the behavior of
the reinforcement in the actual composite, it is also important that the matrix
maintain an appropriate degree of elastic constraint. Clearly, this requirement
places limits on the notch width and the distance between the notch tip and the wire
interface. The appropriate balance between these requirements depends, ir: turn, on
the combined properties of the composite cylinder and the method of precracking.
Hence, identifying appropriate notching and precracking techniques was one of the

objectives of this preliminary work.

21 PROCESSING

Test specimens have been préepared using the following general sequence of

operations: casting cylinders of TiAl matrix material; introducing a concentric hole;




inserting the wire with a small clearance into the hole; creeping the cylinder onto
the wire to create a pressure-diffusion bond between the matrix a.d reinforcing
alloy. Such matrix cylinders with an outer diameter of 9mm, consisting o
Ti-50.5at%Al, were acquired from TiMet. The microstructure of the matiix
consisted primarily of single-phase ¥-TiAl with a small proportion of &2. A Zmm
diameter concentric hole was bored into each cylinder using a lathe with a diamond
drill. The wires were acquired from Teledyne Wah Chang, extruded to a diameter of
slightly less than 2Zmm, and annealed at 1060°C for 4 hours.

The wires were inserted into the TiAl matrix hole and the composite
incorporated into a Ti can. The can was evacuated and sealed by welding. The
canned system was inserted into a hot isostatiz press (HIP) and exposed to a
pressure/heating cycle (182 MPa at 1200°C for either 2 or 4 h) capable of creeping the

matrix onto the wire and creating a diffusion bond.

22  SPECIMEN PREPARATION

Subsequent to HIPing, tensile test specimens were machined on a precision
lathe. First, the outer radius of the canned system was turned to ensure that the
reinforcement was centrally located. A concentric circumferential notch was then
introduced into the specimen midplane. Three types of notches weres employed
(Fig. 3), in order to investigate a range of possible procedures. The first procedure,
notch type A, used for the Ti-33at%Nb specimens consisted of initial notching with
a carbide tool yielding a 2 mm outside width tapering at a low flank angle to within
about 100im of the wire interface (Fig. 3a); in this case the tip was further sharpened
using a thin diamond blade. A similarly sharpened notch, type B, was used for one
Nb specimen, except that the flank angle was zero and the rcot located about 300{m

from the wire interface (Fig. 3b). The third procedure, notch C, used for the second




Nb specimen, involved diamond grinding at a flank angle of 90° to within about
400p.m of the interface (Fig. 3c).

After notching, stainless steel gripping threads were adhesively bonded to
each end in an alignment jig in order to maintain concentricity, by using an
adhesive that maintains a bond up to the load levels expected upon testing.?

Tensile test specimens of the rcinforcement wire, annealed at 1060°C for 4h,
were also prepared. A 2cm central gauge section was formed on a 7.5 em long 2mm
diameter wire, by abrasive removal of approximately 250jm with abrasive paper.

Threaded ends were then adhesively attached in an alignment jig.

23  TESTING PROCEDURES

Testing of the composite cylinder was performed in uniaxial tension. Load
train alignment was achieved by coupling the grips to a universal joint on the top
and a Teflon lubricated ball seating fixture on the bottom. The tests were conducted
under displacement control at 1um/s. Displacements were measured in the gauge
section using an axial extensometer attached to the specimen. The tests were also
monitored optically, by using a long focal length microscope coupled with a video
recorder, capable of magnifications up to 100. The real-time optical observations
were found to be useful in characterizing the general features, as well as detailed
aspects of crack initiation and reinforcement deformation.

Precracking was carried out as an integral part of the tensile test. Ideally, the
precrack should extend from the root of the machined notch, up to the
reinforcement wire, at a load below that required to yield the wire. Then, the wire
deformation commences from a very sharp crack, and the entire elastic-plastic

stress/deformation curve for the reinforcement is monitored. This condition is




difficult to achieve, but is most closely approximated by precracking at a siow rate

with a low compliance loading train.

3. MECHANICAL CHARACTERISTICS
3.1 REINFORCING ALLOY WIRES

Tensile tests on the Nb and Ti-33at%Nb alloy wires gave the true stress/strain
curves shown in Fig.4. The properties are summarized in Tablel. The Nb wire
exhibited an upper yield stress of 140MPa followed by a yield drop (= 20MPa) and a
region of Luder's strain (0.001 to 0.01). At higher strains, hardening was rapid with
strain hardening exponent n = 0.3. The uniform engineering strain upon
formation of a diffuse neck was about 0.3 and the ultimate tensile stress 200MPa.
The total engineering fracture strain was about 0,45 and the reduction of area (RA)
0.98. The Ti-33at%Nb alloy wire exhibited very different behavior. This material
had a much higher yield stress of 430MPa, but deformed with negligible strain
hardening, following a slight stress drop of ~20MPa. The wire failed by the
development of a pronounced local neck at a total engineering strain of only 0.16
and a RA of 0.89. Optical observation revealed the formation of a large number of
surface slip bands immediately following yield and, at higher strains, indicated the

development of external facets.

32 COMPOSITE CYLINDERS

Tensile tests on composite cylinders resulted in stress/displacement curves
(Fig. 5) qualitatively similar to those previously reported.3 The test parameters are

summarized in Table I, including the ligament “work of rupture" evaluated using




u*/R

x = {(o/c,) d(u/R) @

where O is the stress and u the crack opening displacement.

The specimens containing Nb reinforcements experienced a load drop upon
crack formation (Fig. 5), followed by a broad stress maximum at stresses in the range
1.0 to 1.70, for displacements u between 0.2 and 1.0R. Final fracture occurred at a
critical stretch, u*/R = 2.0. The "work of rupture” x was about 1.7 for notch type C
and 2.6 for notch type B. The difference between the two specimens is attributed to
the large load drop involved in precracking with notch C (Fig.5). The
reinforcement morphology, observed optically, revealed a broad neck accompanied
by considerable debonding, followed by final failure after extensive necking. Such
deformation and failure can be characterized as low strength, low constraint and
relatively high ductility. Consequently, the above result for notch B accords well
with the work of rupture, plastic stretch relation applicable to ductile reinforcements
(Fig. 1).

Tests on specimens with Ti-33at%Nb reinforcements revealed matrix crack
extension well below the yield stress of th- wire and hence, no load drop. The
normalized stress exhibited a maximum of about 1.70,, the fracture displacement
was about 0.75R, and the fracture work parameter x =~ 0.75. Optical observations
revealed the formation of an asymmetric, "crack-like" neck, with the sharper side
propagating to final fracture without evident debonding. The associated
deformation patterns were similar to those observed in the unconstrained tensile
wire test. This deformation and failure behavior can be characterized as high
strength, low constraint and relatively low ductility. However, the work of rupture

is anomalously low (cf. Fig. 1). The discrepancy is believed to be caused by multiple




fracture of the matrix around the notch because of the proximity of the notch tip to
the wire, as discussed belcw,

4. MICROSTRUCTURAL AND FRACTOGRAPHIC
OBSERVATIONS

41 INTERFACES

The interfacial regions have been studied using a variety of analytical and
electron microscopy techniques on polished cross sections, as well as on foils
prepared by mechanical dimpling followed by ion beam thinning. Such studies
indicate that a 15im reaction layer has formed between the TiAl matrix and the Nb
wire (Fig. 6a), although the width of the reaction zone is expected to be a function of
time, temperature and pressure, as well as the gap width between the matrix and the
wire. The compositions of the different regions in the reaction layer are assessed
from line scans (points 1 to 20 in Fig. 6b). The measured compositions, plotted on
the 1200°C isotherm of the Ti~Al-Nb ternary phase diagram10 (Fig.7) suggest the
reaction zones summarized in Table III. These results are in good agreement with
the diffusion couple experiments of Hsieh ectal.ll Transmission electron
microscopy of the reaction layer is currently underway to clarify the nature of the
phases present between the & (02 below ~1120°C) and o fields. In particular, it
would be of interest to see whether Ty, T2 or other phases have formed and to
determine if solid-state transformations, other than o to 03, occurred upon zooling,
because the studies of Jewett et al.!10 have shown that the region between a, T, T2
and Y is sensitive to the cooling rate.

The reaction zone between TiAl and the Ti-33at%Nb was about 190tm thick

(Fig. 8a). The composition was analyzed from points 1 to 12 (Fig. 8b) and plotted on

10




the phase diagram in Fig.7. The different zones in the reaction layer are

summarized in Table II1.

42 DEFORMATION, DEBONDING AND FRACTURE

Scanning electron microscopy (SEM) investigations of the fracture surfaces
have revealed major differences between the Nb and the Ti-33at%Nb
reinforcements. The Nb reinforcement exhibited extensive plastic deformation (i.e.,
a large reduction in area) and debonding (Fig.9). Fracture occurred by void
nucleation and growth (Fig. 9a). Cross sections indicated debonding to a depth of the
order 0.8-1.25R (Fig. 9b). Investigation of the Nb surface in the plastic stretch zone
indicated attached brittle fragments cracked in a mudcake pattern (Fig. 9b). This
observation suggests that debonding occurred predominantly within the brittle
reaction product layers, probably the ¢ phase (see Fig.6). Also, plastic blunting
ozcurred wherever the debond terminated at the ductile Nb (Fig. 9¢).

The Ti-33at%Nb exhibited low ductility and minimal, if any, debonding
(Fig. 10), consistent with the absence of a brittle reaction product layer (see Fig. 8).
Deformation in the TiNb was characterized by a series of coarse slip steps in the
regions of initial necking. The final fracture surface was relatively flat and revealed
a mix of facets with areas of ductile rupture. Also, multiple cracking of the matrix

and of the reaction product layers is apparent near the notch tip.

5.  TOUGHENING

Initially, it is instructive to compare the composite cylinder results with
measurements and observations made on powder processed alloys with reinforcing

phases in the form of pancake shaped particles®, about 20 to 40im thick. Specifically,

11




the Nb phase in the composite is rclatively soft and ductile, forming a knife edge
fracture surface, with considerable debonding from the y-TiAl matrix. Furthermore,
the deformation/fracture behavior of the Nb in the alloy is almost identical to that
determined for the composite cylinder: u*/R = 1.6, and x = 2.7 (Fig. 1).
Consequently, by using x values from the composite cylinder tests along with the
appropriate values of f, R and 04t for the powder processed alloy, the predicted
toughness increment of 13MPav/m for the composite is in exact agreement with
the value measured for thz alloy. Moreover, it is noted that composites produced
using larger reinforcement radii of, say, Imm would be predicted (Eqn. 1) to exhibit a
steady-state toughness of 68kJm-2 at a reinforcement volume fraction of 0.2. This
toughness coincides with a critical stress intensity factor of about 115MPavm .
While this toughness is large, it is important to appreciate the associated
implications. The “"steady-state" toughness is manifest only after appredable crack
growth, estimated to be several cm for bend specimen geometries. Additionally,
such large reinforcements may not be practical in many cases.

For the Ti-33at%Nb system, significant differences exist between the results
obtained for composite cylinders and for the reinforced alloys.12 In particular, the
plastic work parameter was much larger for the alloy (¢ = 4.1) than that obtained
for the composite cylinder (X = 0.75), although u*/R was similar (0.6). This
difference is governed by the lack of constraint in the composite wire specimens,
resulting from multiple cracking between the notch tip and wire (Fig. 10).

Finally, it is emphasized that the toughening behavior of the Nb

reinforcements in 7y TiAl is much less than the optimum measured for Pb

¥ Based on hardness measurements, the Nb in the alloy had 2 effective strength about a factor of
about 1.75 larger than in the Nb in the composite cylinder.

12




reinforcements in glass? (Fig. 1). The difference is attributed to different debonding

characteristics. Further study of such effects is of evident importance.

6. CONCLUDING REMARKS

A composite cylinder test procedure for assessing trends in the ductile
reinforcement toughening of brittle intermetallics has been established. The
specimens were processed by HIPing a hiollow cylinder ¢ TiAl onta Nb and Nb-alloy
wires. The composite cylinders were then notched and precracked in tension. The
results of the tests are in broad agreement with the behavior of reinforcements in
alloys containing similar reinforcing materials and previous tests of constrained
deformation of lead wires in glass. However, the constraint was not accurately
simuiated in the Ti-33at%Nb specimens which experienced multiple fracture of the
matrix near the notch tip. This conclusion suggests that larger distances between the
notch tip and wire interfaca are required to maintain appropriate constraint for high
strength, low ductility reinforcements.

The tests demonstrate that large differences in deformation and fracture
behavior exist for soft, ductile Nb and the stronger but less ductile Nb alloy. These
differences are manifest in tensile tests as well as in actual composites and
composite cylinders. Consequently, the need for further study of the behavior of Nb

alloy reinforcements is demonstrated.

13
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TABLE I

Tensile Propertics of Wires

Yield Stress{ UTS | Uniform (Fracture | Reduction n
Matcral (MPa) (MPa) Strain Strain of Area
Nb 140 200 0.30 0.45 0.98 0.3
Ti-33at%Nb 430 — - 0.16 0.89 ~0
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TABLE II

Tensile Properties of Composite Cylinders

Reinforcing Maximum Stress Plastic Stretch Work of Rupture
Material Om u, 2L

Nb{C) ldao 1.75R 1.7

Nb (B) 1900 2.00R 2.6

Ti-33at%Nb 1700 0.75R 0.75
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TABLE III

Reaction Product Regions

a) Nb: TiAl

Region: 1-2

Phase: Y

a2

15-13

19-20

b) Ti-33at%Nb: TiAl

¥ TR

SR

Phase:

051

6-12
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FIGURE CAPTIONS

Fig. 1
Fig. 2
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.
Fig. 9.
Fig. 10.

a) The work of rupture as a function of plastic stretch and
b) calculated stress, stretch curves.

The composite cylinder test specimen.

The three notch configurations used for tensile testing of the composite
cylinder.

True stress-strain curves measured for the Nb and Ti-33at%Nb wires in
the annealed state.

Tensile stress/crack opening curves measured for composite cylinders
with Nb and Ti-33at%Nb reinforcements.

a) Cross section SEM micrograph of the Nb wire in the TiAl matrix.
b) Magnified view of the reaction layer between TiAl and Nb.

Ternary phase diagram at 1200°C. The solid cirdes show the diffusion
path of TiAl/Nb. The arrows show the diffusion path of
TiAl/Ti-33at%Nb. [Preliminary phase diagram is from Chang

Perepezko.]

a) Cross section SEM micrograph of the Ti-33at%Nb wire in the TiAl
matrix.

b) Magnified view of the reaction layer between TiAl and Ti-33at%Nb.

Scanning electron micrographs of fractured Nb composite cylinder

specimen

a) End view of specimen after fracture showing necking of the Nb and
interface debonding

b) View of the debond region showing brittle fragments on both the
Nb and TiAl debond surfaces

o A view of the end of the debond region showing brittle crack
extension in the reaction product layers and blunting in the Nb.

Scanning electron micrographs of the failure process in the Ti-33at%Nb

composite cylinder specimen
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(a) Cross section SEM micrograph of the Nb wire in the TiAl matrix.
(b) Magnified view of the reaction layer between TiAl and Nb.

FIG. 6
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(a) Cross section SEM micrograph of the Ti-33at%Nb wire in the Ti-Al matrix.
(b) Magnified view of the reaction layer between TiAl and Ti-33at%Nb.

FIG. 8




SEM VIEWS showing Ductile Fracture of the Nb wire
and cleavage fracture of the adjacent zone in the TiAl matrix

FIG. 9A




Debond surface in TiAl (matrix)/
Nb (wire) Fractured specimin

FIG. 9R




Debonding at the TiAl (matrix)/Nb (wire) interface showing
plastic blunting of crack and brittle crack renucleation

cIG. 9C
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Method for Processing Metal Reinforced Ceramic Composites

Abetract

A new procese is developed to form a ceramic containing a three dimensional
network of metal reinforcement. The process involves four steps: 1) forming a
powder compact containing a continuous network of either organic or carbon
material by pressure filtration, 2) pyrolyzing the network to form channels within
the powder compact, 3)denstfymgtl\epowdawhxlennmingu\edumdmmork,
and _4) mtmdmg metal into the channel network by squeeze casting.

filtration is used to form the powder compact containing the pyrolyzable nctwork
either by mixing slurries of powder with chopped fiber or by packing powder within
pyrolyzable preforms. When pressure is removed after filtration, the differential
strain recovery of the powder matrix relative to the organic material can cause
damage. Such damage is prevalent for a powder matrix formed from flocced
slurries. However, this problem was avoided by using dispersed slurries which
produced consolidated bodies that alieviate stresses arising from differential strain
recovery by viscous flow. Metal reinforced ceramic composites with different
reinforcement architectures, volume fractions and sizes can be produced with this
technique.
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Abetract

A new process is developed to form a ceramic containing a three dimensional
network of metal reinforcement. The process involves four steps: 1) forming a
powder compact containing a continuous network of either organic ‘or carbon
material by pressure filtration, 2) pyrolyzing the network to form channels within
the powder compact, 3) densifying the powder while retaining the channel network,
and 4) intruding metal into’the channel network by squeeze casting. Pressure
filtration is used tn form the powder compact containing the pyrolyzable network
either by mixing slwries of powder with chopped fiber or by packing powder within
pyrolyzable preforms. When pressure is removed after filtration, the differential
strain recovery of the powder matrix relative to the organic material can cause
damage. Such damage is prevalent for a powder matrix formed from flccced
slurries. However, this problem was avoided by using dispersed slurries which
produced consolidated bodies that alleviate stresses arising from differential strain
recovery by viscous flow. Metal reinforced ceramic composites with different
reinforcement architectures, volume fractions and sizes can be produced with this
technique.

Introduction

Metal reinforcements are incorporated into ceramics in an attempt to increase
the fracture toughness of the ceramic matrix and impart R-Curve behavior. To
realize these properties, the reinforcements must act as bridges behind an extending
crack. Consequently, the extending crack must by-pass the reinforcement and the
bridging reinforcement must dissipate energy. Ductile reinforcements can be by-
passed because of their much larger fracture toughness relative to the matrix. They
dissipate energy through constrained, plastic deformation. The magnitude of the
plastic work per reinforcement times the number intercepted governs the
incremental increase in fracture toughness. Toughness increases as the crack
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extends if the bridging reinforcements do tiot immediately fail. This increasing
resistance to crack extension as the cxack grows longer is known as R-Curve
behavior and, if significant, can make the strength relatively insensitive to crack
length.

Theoretical work ! suggests that the improved fracture resistance imparted by
a highly ductile phase will increase with increase in its volume fraction, yield
strength, and bridge diameter. Recent experimental work 2 also shows that some
debonding of the metal/ceramic interface will increase the plastic work. It would be
advantageous to fabricate composites wherein these fracture related parameters
could be changed in order to test theoretical predictions and to produce optimally
reinforoed microstructures.

One innovative method for forming metal reinforced ceramic composites, is
under commercial development3 This method involves the environmental
reaction of a moltent metal (e.g., the oxidation of certain aluminum alloys) in which
a reaction product (e.g., Al203) continues to form as metal is wicked though
channels within the reaction layer until the molten pool is depleted. This unusual
reaction phenomenon can also be used to form the reaction product within powder
compacts and inorganic fiber preforms 4. After solidification, the metal remaining
in the channels is the ductile reinforcement.

All other metal reinforced ceramic composites are formed with powder
methods. They include the liquid phase sintering of ceramic powder with a molten
metyl (e.g., commerdal WC/Co compesi‘es), the intrusion of a molten metal into a
partially sintered powder compact 3, the reduction of certain polycrystalline oxides to
form a metallic phase at grain junctions 6, and the deformation processing (hot-
pressing and HIPing) of powder/refractory metal mixtures. 7 In the first three of
these methods, the metal reinforcement lies at and along grain junctions and the
size of bridging ligaments produced during fractute is less than the grain size.
Deformation processing can produce larger diameter reinforcements, but the metal
must be at least as refractory as the ceramic. Reaction between the ceramic and
metal during deformation processing can also be a concern.

The processing method introduced here has the potential to fabricate many
different ceramic/metal systems in which the architecture, bridging ligament
diameter, and volume fraction of the metal reinforcement can be engineered to
optimize fracture behavior. With this method a powder compact containing a
pyrolyzable network is formed by pressure filtration. After the network is removed
by pyrolysis, the pow:ler matrix is densified. Channels, remnant of the pyrolyzed
network, are then infiltrated with a moiten metal.

The following sictions review pertinent aspects of the pressure filtration
method used to incorporate 2 pyrolyzable network into a2 powder compact and the
procedures used to form a inetal reinforced ceramic. Disruptive phenomena
produced by differential stra:n recovery after filtration are then discussed and
methods used to avoid ihis by controlling the rheology of the consolidated body are
discussed. Finally, the microstructures of different composites formed by this
process are presented.




Pressure Filtration

Pressure filtration is a method for consolidating powders from a slurry. Large
quantities of ferrite components are produced by this method.# Furthermore, with
the development of moldable, porous plastic die materials 9, sectors of the ceramic
industry are automating plants that consolidate complex shaped, clay-based ceramics
by pressure filtration. Pressure filtration is also a desired method for consolidating
advanced structural components in which heterogeneities (agglomerates,
inclusions, etc.), which lead to strength degrading flaw populations, are removed by
colloidal methods. 19

During pressure filtration, particles within a slusry build up a consolidated
layer as the liquid flows through the layer and filter. The kinetics of pressure
filtration 11 are well described for slurries containing either non-interacting or
repulsive (dispersed) particles. 12 The function describing the thickness (h) of the
consolidated layer as a function of time was derived by solving Darcy's differential
equation describing flow though a powder bed. This function includes the viscosity
of the fluid (n), the permeability (k) of the consolidated layer, the volume fraction of
solids in the slurry (f;) and consolidated layer (f.), and the pressure applied to the
slurry (P),

o
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In deriving this expression, it is assumed that the permeability is constant during
filtration. The permeability is a function of the particle size and particle packing
density.

Consolidated powders exhibit non-linear elastic stress-strain behavior similar
to that described by Hertz 13 for two spheres pressed together. The compressive
stress (a)-strain (e) response of a powder can be expressed 14 as o = A€ 3/2, where A
depends on the relative density of the powder compact (average number of contacts
per particle) and the elastic properties of the particles. Fig. 1 describes this
for Al203 powder compacts as determined with strain recovery measurements 12
after pressure filtration of both flocced and dispersed slurries. As illustrated,
relatively small stresses produce large strains and the compact becomes stiffer as the
stress is increased. Thus, after a powder has been consolidated and the pressure is
released, large elastic strains are recovered and the compact expands.

Since the consolidated layer is formed under pressure, it stores elastic strain
during filtration. After filtration is complete and the applied pressure is removed,
the stored elastic strain is released and the compact grows. Experiments have shown
12 that the recovery of this strain is time dependent and that the rate of strain release
depends on the rheology of the saturated, consolidated body. Bodies consolidated
from dispersed slurries flow despite their very high particle packing density, because
the particles still repulse when pressure is released. The resulting strain occurs




within a relative’y short period. Bodies consolidated from flocced slurries appear
stiff, exhibit thixotropic rheology and continue to strain for many hours. In these
bodies, as the particle network attempts to relax, the surrounding liquid is placed in
tension, causing liquid (or air) to flow from the surface to the interior leading to

of the network. The time required to dissipate the associated stresses by
fluid flow is governed by Darcy's Law. Dispersed bodies, on the other hand, appear
to strain by body flow. As addressed below, these strains are of critical importance in
the structural integrity of bocles containing either reinforcements or pyrolyzable
networks.

Jamet et al. 15 were the first to show that a powder could be packed within a
fiber preform using pressure filtration. In this process, schematically shown in
Fijt. 2, a fiber preform is placed on top of the filter and particles within a slurry flow
thzough the preform channels to build a consolidated layer within the preform
during filtration. Before a consolidated layer builds up on the filter, a uniform
pressure exists within the slurry and within the liquid filled (or slurry filled)
preform. As the consolidation layer builds within the preform, the combined

exerted by the consolidated layer and the liquid is identical to the pressure
within the slurry. ‘That is, throughout all stages of pressure filtration, the preform is
never subjected to non-hydrostatic loads which would produce disruptive effects,
such as preform compaction and/or crushing.

Our experience has shown that the success of this processing method depends
on three conditions. Firstly, particles must be smail enough to flow through the
preform channels. The filtration literature 16 suggests that the particles should at
least be 7-10 times smaller than the percolation channels to prevent the preform
from acting as a filter. However, to produce a compact with a high packing density,
the particles must be even smaller. This requirement was made evident in recent
experiments in which Lam and Lange 17 showed that the reinforcement did not
interfere with the powder packing density if the ratio of the reinforcement to
particle diameter was > 50. Smaller ratios produced lower packing densities. When
these resulis are converted to channel size, they suggest that the particle diameter
should be at least 100 times smaller than the average channel diameter. Secondly,
the particles can not be attracted either to themselves (should not floc) or to the
preform material as they flow through the channels. That is, when attractive
surface force conditions prevail, the channels are quickly blocked, the preform itself
acts as the filter, and a ccnsolidated layer builds up on top instead of within the
preform. The third condition was made evident during the present investigation.
As described in the last section, it concerns the differential strain between the
network and the powczr. This differential strain can disrupt the powder compact.

Experimental Approach
Pyrolyzable Networks

Two types of pyrolyzable networks were used in this study. The first was a
three-dimensional preform consisting of interconnected network prior to pressure




filtration and the :cond, a connective fiber network formed during the pressure
filtration of slurries couitaining chopped fibers.

Three dimensiconal preforms are commerdially available in a variety of
arclitectures (reticulated foims, feits, woven and knitted mats) made from a variety
of pyrolyzable. materials (natural and synthetic polymers, and carbon). Although
different preform architectures and materials have been tested, this paper will
emphasize the use of reticulated polyurethane foams. Because of their large
channel size, powder can be packed vrithin reticulated foams by pressure filtration
using either dispersed or flocced slurrivs. Two different polyurethane reticulated
foamns were used in this study: a low dennily foam?* (~0.03 g/cc) with average cell and
strut sizes of 250 um (40 cells/cm) and 50 puny, respectively, and a high density foam®
(0.18 g/cc) with average cell and strut sizes ¢f 250 pm (120 cells/an) and 150 pm,

vely. As described below, chopped carbon fibers with an aspect ratio of 8
(nean diameter 11 um and length 38 pm) were Also used to form a pyrolyzable
continuous network.

Powder Slurries

Aqueous aluminac slurries were used in this study. For the case wherein the
slurry was used to form a consolidated layer within the polyurethane reticulated
foams, the interparticle forces were altered by controlling the pii of the slurry. Zeta
potential measurements for this Al203 as 1 function of pH shovved that it exhibits
the highest zeta potential between pH 2 and 4 (-60 mV). Beyond pH 4 the zeta
potential decreases gradually, reaching near zero around pH 9. Becuuse of its high
Zeta potential between pH 2 and 4, the strong electrostatic repulsive force between
partides facilitate dispersion of particles in the water. However, around pH 9, van
der Waals attractive forces dominate electrostatic repulsive forces, thua causing
particles to flocculate/aggregate. A high-shear field, obtained by immersing an
vitrasonic homnd in the slurry (pH = 4), aided in breaking apart soft agglonerates.
Alter this dispersion procedure, the average particle diameter was 0.4 pm¢. In this
study, either dispersed (pH 4) or flocoed (pH 8) slurries were used to pack particles,
via pressure filtration, within the polyurethane reticulated foams. Sepurate
pressure filtration studies with these alumina slurries in flocced and dispeised
slurry states produced consolidated bodies with relative packing densities of 4%
and 62% by volume, respectively.

Since pourable alumina suspensions are required for pressure filtration iato
three-dimensional preforms, it is necessary to vary the solids content as well as; :he
chemistry of the slurry. For example, alumina with an average particle size of
0.4 microns can be loaded to as high as 55 volume percent to formulate a pouraile
aqueous, dispersed slurry. On the other hand, with the same alumina, a poura.le

2 Scott Foau Div., Eddystone, PA.

b Twin Rivers Engg., East Boothbay, Maine.

¢ AKP-50, Sumitomo Corp. of America, New York, NY.

d Sonic Dismembrator, Model 300, Fisher Scicatific Co., Pittsburgh, PA.
¢ SediGraph 5000 ET, Micromeritics, Norcross, GA.




flocced slurry can be made with a maximum solids content of only 15 volume
percent. In this work, the solids loading of dispersed and flocced alumina slurries
were 20% and 15% by volume, respectively.

Preasure Filtration into a Three Dimensional Network

Pressure filtration was used to pack particles within the reticulated foams.
Because of their very large channel size, the powder could be consolidated within
the foams with either dispersed or flocced slurries. To avoid pressure differentials
within the foam during the initial stages of filtration and to eliminate entrapped air,
the foam was soaked with the same fluid and surfactant used in making the slurry
prioc to placing it on top of the filter within the cylindrical die cavity. The slurry
was then poured into the cylinder and pressure applied to the slurry with a plunger
fitted into the cylinder as shown in Fig. 2. Suffident slurry is used such that the
consolidated layer completely fills the preform. During filtration the plunger
displacement is monitored. After a period of 15 minutes in which no plunger
displacement is observed, filtration was terminated by releasing the pressure and
removing the composite body from the die cavity. A maximum pressure of
14.6 MPa was used for these consoiidation exeriments.

Pressure Filtration of Chopped Fiber, Powder Slurries

As detailerd elsewhere 17, alumina powder and chopped carbon fibers (10, 20,
and 30 volume percent, based on solid content) were dispersed in water (pH = 8)
with 0.1 weight percent (based on solid content) of an ammonia based
polyelectrolyte!. The polyelectrolyte was used in these experiments to facilitate
wetting of carbon fiber in water and to codisperse alumina and carbon in water.
This mixed s{urry was pressure filtered at 14.6 MPa in the manner described above.

Network Fyrolysis and Matrix Densificati

After the powder compacts containing the pyrolyzable networks are removed
from the die cavity, they are fully saturated with liquid. After drying the composite
bodies at 50°C for 24 hours, they were placea in an air furnace and heat treated to
first pyrolyze the organic network/carbon fibers (heating rate of 1°C/min to 800°C,
4 hours hold) to produce the desired channel network and then to densify the
ceramic powder (heating rate of 5°C/min to 1550°C, 30 min. hold) while retaining
the channel network.

Metal Infiltrati
The last step is accomplished by intruding molten metal into the channels,

remnant of the pyrolyzed network, within the dense ceramic matrix by squeeze
casting 18. The advantages of squeeze casting are that infiltration is achieved under

f Darvoa C, R. T. Yeaderbilt Co., Norwalk, CT.




relatively short times, preventing extensive metal-ceramic reactions, and
subsequent solidification takes place under externally applied pressure which results
in a fine-grained microstructure free of shrinkage voids. To accomplish this
intrusion, the ceramic matrix was preheated to 800°C and then placed in a preheated
steel die. A molten aluminum-4 wt.% Mg alloy, held in a separate crudible at 780°C
was then poured onto the preheated ceramic. A plunger was then activated by
hydraulic pressures to force the molten metal into the channels at 170 MPa.

Results and Discussion
Differential Strain Recovery and Structural Integrity

The structural integrity of the dense ceramic (prior to metal intrusion)
containing the channels remnant of the reticulated foam was observed to depend on
whether it was produced from a flocced or a dispersed slurry. In repeated
experiments, flocced slurries produced weak materials that granulated into well
defined cells under moderate impact loads. Dispersed slurries produced relatively
strong materials in which the arack surface traversed the channels remnant of the
pyrolyzed, reticulated foam. Examination of frcture surfaces of bodies produced
from flocced slurries with the scanning electron microscope revealed the
intercellular fracture morphology shown in Fig.3a. With the exception of the
channel walls, the surfaces of the separated: cells appeared rough and were first
thought to be fracture surfaces. Upon closer observation (Fig. 3b), it was discovered
that only the center portion of each cell surface (approxirately 15 %) exhibited a
surface morphology typical of a fractured, polycrystalline ceramic (trans- and
intergranular fractured grains). Grains on the surrounding, rougher surface were
not fractured, but had morphologies typical of x sintered surface (smooth grain
surfaces and equilibrium boundary grooves). In addition, this portion of each cell
surface was very irregular giving an appearance of béing torn prior to densification.
In contrast, the bodies formed from the dispersed slurry were much stronger, and
when fractured, the arack plane traversed the cells as shown in Fig. 4.

Using the discussion concerning pressure filtration, it can be hypothesized
that the weakness and granulation of the ceramic formed from the flocced slurry
was caused by the differential recovery strain of the polymer relative to the
consolidated powder when pressure was released after filtration. As shown in Fig. 2,
a typical polyurethane, with a bulk elastic modulus of approximately 1 GPa, will
recovermonstrnnthmthepowdzrcompactaftubod\msubyededtotheume
pressure. That is, the reticulated foam will expanded more than the consolidated
powder. For the case of the body formed from the flocced slurry, it appears that the
expanding foam separated the consolidated powder into granules, defined by the
cells within the foam, when pressure is removed after filtration. This problem did
not arise when the body was consolidated from the dispersed slurry.

The difference in disruption between the body consolidated from the flocced
slurry and that within the body produced from the dispersed slurry can be explained

§ AutoForge, 200 T. North American Rockwell Corp., Reading, PA.




by the effect of body rheology on the stresses generated by differential strain
recovery. After the composites formed from the flocced slurry \vere removed from
the die cavity, they appeared stiff, whereas the dispersed slurries produced
composites in which the consolidated powder was still fluid and could be squeezed
from the reticulated foam with moderate pressure. It can be concluded that the
more elastic bodies produced from flocced slurries produce high stress and could
only accommodate the differential strain by cracking (or tearing). Conversely, the
bodies produced from the dispersed slurry could easily alleviate the stresses caused
by the differential strains though a viscous flow process. It can be surmised that the
disruption produced by differential stress relaxation after pressure filtration could be
prevented by consolidating with a dispersed slurry and by maintaining the particles
in a state of repulsion as the consolidation strain is released.

The strain recovery associated with powder consolidation is of great
importance to ceramic processing, espedially while processing composite systems.
Inclusions within the powder which are either stiffer (for example, dense
agglomerates, whiskers and fibers) or more compliant (organic inclusions as lint,
hair, and polymer fibers) store less or more strain relative to the powder compact,
respectively, during consolidation. When stress is removed, an isolated incdusion
with a lower elastic modulus will expand relative to the powder matrix, produce
radial tensile strrsses within the surrounding powder, and cause cracking. On the
other hand, an inclusion with a higher modulus will contract relative to the matrix
and may separate from the powder matrix. Lange and Miller 12 have shown that (in
monolithics) disruptive phenomenon can also be avoided by increasing the strength
of the interparticle bonds through: additions of certain polymers.

Mi { Metal Reinforced C

Observations of polished sections showed that the only porosity remaining
after netwock pyrolysis and ceramic densification was associated with the channels
remnait of the pyrolyzed network. Relative densities > 0.98 were measured for heat
treated bodies that did not contain the pyrolyzable material. Linear shrinkage
measurements of bodies containing the pyrolyzable networks were identical to those
without the network. This observation shows, as expected, that the channel
network produced within the powder compact during pyrolysis shrinks, but
certainly does not disappear (Fig. 5). The surfaces of these channels produced by the
pyrolyzed carbon fibers (Fig. 5b) are typical of a sintered surface: smooth grain
surfaces and grain boundary grooves.

Polished sections of metal intruded materials produced with the low and
high density reticulated foams (Fig. 6) reveal that the architecture of the metal
reinforcement replicates the architecture of the pyrolyzed foams. Metal was
observed to intrude into all sharp corners of this structure. Infiltration of molten Al
alloy was attempted into alumina preforms containing 10, 20 and 30 volume percent
channels. However, an interconnected network of metal was only obtained with
the preform containing 30 volume percent channels (Fig. 7).

An investigation of the fracture behavior of these and other metal reinforced
composites fabricated by this new method has been initiated. Preliminary fracture




experiments show that the aluminum alloy bridges cracks and undergoes
constrained plastic deformation (Fig. 8).

Conclusions

A new and simple process is developed to form a three dimensional network
of metal reinforcement in a densified ceramic matrix. This new processing method
not only allows the processing of i range of metal/ceramic composite systems,
which may nol: be processed by other methods, but also illows the materials
engineer to manipulate the architecture, volume fraction and the size of the metal
reinforcement. The key combined featurex of this discovery are a) powder can be
packed either within or around a network of a second material by pressure filtration,
b) after powder packing, the network material can be removed to define a
continuous network of channels, c) after the network material is removed, the
powder compact can be made dense by a high temperature heat treatment, and d)
after densification of the ceramnic matrix, molten metal is intruded into the network
chmnels to create the desired reinforcement network configuration. Using this

alumina-aluminum alloy composites with metal architectures similar to
uutofnﬂcuhhdfonmandofmdcmlyodmbdﬁbenmpmcened.

It was also demonstrated that the differential strain recovery between the
consolidated powder and the reinforcement is a critical issue in processing
composites. Damage inflic'~d by this differential strain can be eliminated by
controlling the rheology o = consolidated body through the used of dispersed
slurries and maintaining ite of interparticle repulsion as strain is relieved.
Stresses induced by diffe . strain in these bodies appear to dissipate by viscous
flow. Relations between ditferential strain recovery, body rheology and stress
dissipation are a subject of future research.
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Figures

Fig. 1 Strain recovered in alumina powder, pressure filtered as dispersed and
flocced slurries. 12 Elastic behavior of a polymer with a bulk elastic modulus of
1 GPa is also shown for comparison.

Fig.2 Schematic of pressure filtration into a pyrolyzable preform.

Fig. 3 a) Micrograph of intercellular fracture of alumina preform containing
interconnected chznnels which are remnant of pyrolyzed reticulated foam pressured
filtered from a flocced slurry. b) Higher magnification of cell surfaces showing
fractured surface (dark region at the center) is surrounded by sintered surface.

Fig. 4 Micograph of intercellular fracture of alumina ceramic containing channel
network remnant of pyrolyzed reticulated foam pressured filtered from a dispersed

slurry.

Fig.5 a) Micrograph of alumina ceramic containing continuous channel network

rempant of pyrolyzed carbon fibers. b) Higher magnification showing sintered
surface of one channel.

Fig.6 Micrograph of alumina ceramic containing channel network produced by
pyrolysis of iow density (a) and high density (b) rei:iculated foams intruded with
aluminum alloy by squeeze casting.

Fig.7 Polished section of alumina containing approximated 30 volume percent
aluminum alloy intruded by squeeze casting into channels remnant of pyrolyzed
carbon fibers.

Fig.8 Interaction of crack with aluminum alloy ‘fiber' produced during squeeze
casting into channel network of pyrolyzed carbcn fibers. Note that metal
reinforcement bridges crack and deforms.
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ABSTRACT

Relationships that govern trends in the toughness of ceramics and ecraniie compasites with microstruciure are
wvildeveloped. The stats of peesent understanding ig reviewed. Two principal mechantsite elasses are desenbed:
prucess and bridging zone mechanisms. Process xone mechamsms. which include transfonmation, microcrack and twin
tughening are shown 1o be governed by the size of the 20nc and by the ron-linear strain provided by the mechanism,
Heudging zone mechanisms cxhibiz toughness dictated by 4 cousled measure of the strength of the ranforcement and a
nupture displacement: toughening by fibers, whiskers and ductile networks are mechanizms of this type. Both types of
mechanism demonstrate resistance curve behavior, dominated by crack wake effects. Interactions between mechansms

ate hnetly wkiressed.
NOTATION
1 lincar thermal expangion coefficient
I monochinic angle
[ fracture encrgy of interface
I fracture encrgy of matrix
) fracture encrgy of fiber
¢ nuecrocrack density parameter
ty maximum microcrack density parametes
t"x strain tensor
Y stiess-free strain
3, Kronccker delta
| microcrack density parameter
¥ rato of Young's modulus of fiber to matrix, Ey/Em
Gy stress tensor
e, critical stress for transformation
Gy steady-state matrix cracking stress in composite
G, equivalent stress
Oy ultimate strength of composite
g applied stress
G mean stress
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shear resistance of interface afier debonding
misfit strain (or microcracking

ductle ranforcement toughening parametet
friction cocflicient

Poisson’s ratin

Poissoi’s muo for interocracked body
Reference area Imd

bulk modulus

bulk modulug of microeracked body
microcrack dimenxon

debond length

Young's modulug of vempostic
Young s modulus of matnx

Young's modulus of fiber
non-dimensional erack elosure force
volume fraction

shear modulug

shear modulus of micreeracked body
strun ensrgy release rie

critical stmain energy release rate for the composite

increase in toughness of composite above matnix eughness
process zene width

fiber pull-out length

Lintegral

Jiintegral

stress intensity factor

crack tip stress intensity factor

stress intensity factor associated with applied loads

critical stress intensity factor for composite

critical stress inte:-vity factor for crack tip extension

crack shiclding stress intensity factor

increase in critical stress intensity factor above matrix value
slip length

bridging zonc length

gauge length

shape parameter for fiber strength distribution

work hardening rate

axial residual axial stress in the matgy in aligned fiber composite
residual stress normal to interface in fiber composite
reinforcement radius

distance from crack front

saturation mawrix crack spacing
deviatoric stress

fiber strength

scale parameter for fiber strength distribution




t stress acting on reanforcement between crack surfaces

v restdual stress work

u erxck opening displacement

Y vk opening upon reinforcement rupture
Y uniaxial yicld strength

1. INTRODUCTION

"The objective of research concemed with structural ceramuces 13 the gencration of materials having high reliabilicy.
To achieve this objective, there are two fundamentally different approaches (Fig. 1.1): Naw control and toughening.
The first approach accepts the bnitleness of the material and attempts to control the large extreme of processing flaws.
The sccand approach attempts t create microstructures that smpart sutficient frcture resistance Fag 1 20 that the
vrenpth beeomes insensitive (0 the size of Naws tFig. 1.3). The fonmer has been the subject of considershle reseach
that identifics the most detrimental processing aws, as well as the processing step responsible for those flaws (Lange
1949, Evang 1952, Rice 1977). The oughening approach has emerged more recently, and has the obvious advantage
that appreciable processing and post--processing damage can be tolerated without compromising the structural reliabiliy
tEvans 1989, Cook ctal, t985).

The resistance of brittle solids to the propagation of cracks can be strongly influcnced by mucrostructure and by
the use of various reinforcements, The intent of the present article is to provide a succinet review of the known cffects
of nucrostructure and of reinforcements on the fracture resistance. [n most cases, toughening results in resistance-curve
characieristics (Fig. 1.2), wherein the fracture resistance systematically increases with erack extension. The individual
mechanisms Include: transformation, microcracking, iwinning, ductile reinforcement and fiberfwhisker reinforcement,

An gnderlying principle concems the essential role of non-lincarity in toughering, as manifest in mechanisms of
dissipatnon and encrgy storage in the matenal, upon crack propagation. Consequantly, the potent toughening
mechanisms can be modelled in 1. ms of stress/displacement constitutive laws for represeatative volume elements
{Fig. 1.4). Furthermore, the toughening can be explicitly related to stress/displacement hysteresis (Fig. 1.4), as will be
claborated for cach of the imponant mechanisms. The general philosophy thus adops the clussical concept of
komaogenizing the propertics of the material around the crack and then formulating a constituntve law that characterizes
the material response.® This approach rigorously describes the toughening behavior whenever the leagth of the non-
lincar zone is appreciably larger than the spacing between the relevant microstructural entitics. Such conditions
invarichly exist when the maierial exhibits high touphness. The coupling between expenment and theory is another
prevalent theme, because toughening is sufficiently complex and involves a sufficiently large number of independent
variables that microstructure optimization only becomes practical when each of the important modes has been described
by a rigorous model, validated by experiment,

The known mechanisms can be convenmently considered to involve cither a process zone or o bridging zone
(Fig. 1.5). The former category exhibits a toughening fundamentally govemned by a cntical stress for ttie onset of non-
lincarity 0%, in elements ncar the crack and by the associated stress-free strain c}; (Evans and Cannon 1986,
McMeeking and Evans 1982, Budiansky, Hutchinson and Lambropoulos 1983, Marshall, Drory and Evans 1983). The
resulting stress-strain hysteresis of those elements within a process zone then yiclds a toughness, given by (Marshall,
Drory and Evans 1983),

*\Models that discreuze microstructural detals are typrcally less ngonaus, because three-dimensional interactions along the crack front are not
readdy desenbed.
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ae = 2/ 0 ey (1)

where A (¢ 18 the increase in enucal strain energy release rate where the crack 1s long.*® { is the volume fraction of
toughening agent and h 1s the width of the process zone in steady-state {McMecking and Evans 1982, Swmp and
Budiansky 1985). Transformation, microcrack and twin toughening are mechanisms of this type.

The bndging category exhibits toughening governed by hysteresis along the ¢rack surface (Evans and
McMeccking 1686, Budiansky, Amazigo and Evans 1988) induced by tntact material ligaments,

AGe = 2f jt(u)du
o tL.2)

where 2u1s the crack opening, 2us the opening at the edge of the bn 'ging zone, t the tractions on the crack surfaces
exerted by the intact toughentng agent (Fig. 1.5) and f is the area fracuon of reinforcements along the crack planc.
Ducuile reinforcements, as well as whiskers and fibers, toughen by means of bndging tractions.

In the “toughest™ matenals, a steady -state cracking phenomenon oceurs (Aveston, Cooper and Kelly 1971,
Marshall, Cox and Evans 1985, Budiansky, Hutchinson and Evans 1986, McCartney 1988), wherein the erack
extension stress becomes ndependent of crck length. For such materals, the toughness is usually non-umque and not,
therefore, a useful design parameter. Instead, the steady-state cracking stress and the ulimate stren3th become the more
relevant matenal properues. Transttions between toughness control and steady state crackiny ure thus of major
significance.

*“Shont cracks and cracks without fully developed process zones give smatle changes in toughness, as elaboraled 1n dis SECUON On fesistance
curves,




Some of the materials (0 be considered in this review along with the associated mechanisms of toughening,
coupled with the highest verifiable toughness for cach mechanism, are summanzed in Table L1, This list 15 impressive
when it is appreciated that conventional ceranies have a toughness, K, » 1= AMPavmv. However, some cautton

1% also nccessary because the highest levels of toughness cannot always be used (0 effectively ealiange strength and
rehiabalaty,

Table 1.1 Tough Ceramics

Highest
Toughness Exemplary
Mechanism (MPavm Material Limitation
Transformation =20 7523 1MgO) T 2 900K
HIO»
Mierocracking - 10 ALOYZOp T 2 1300K
SiNJSIC Strength
Meal ~ 25 '}a"}?g"{}' T 2 1300K
spersion °r ;
e ALOYNI Oxidation
WC/A0
Whiskers ~15 SiyNJSiC Oxidation
ShNUSiaNg Interface
ALOVSIC T < 1500K
Fibers 230 LASAIC Processing
ALOVSIC Interfaces
SiCrsic Cotings
SiTC 1> 7

LAS. Lithtum Alunumum Silicate Glass-Ceranmue

The anicle is organized as follows. Chapters 2= summarize transformation effects with Chapter 2
concentrating on phase transformations in ZrOz. Chapter 3 encompasses in situ transmission clectron microscopy
observauions and toughening is covered in Chapler 4. Microcrack toughening is considered in Chapter 5. Chapter 6

summanzes ductile reinforcement toughening. The paper concludes wath an assessment of fiber/whisker toughening and
strengthening,




2. PHASE TRANSFORMATIONS IN Z:O,

While 2 varicty of latice displacive transformanons have been wentified in different inorganic matenals (Kriven
1982, 1948), the manensitic phase transformation that occurs in ZrOy ts most widcly used for toughening. 202
undergocs several phase uansformations upon cooling from the melt {Subbarao, 1981). At least three crystallographic
modifications exist, which possess cubie (€), tetragonal (1) and monoclinte (m) symmetry and are stable at high,
intermadiate and low lemperatures:

. . - utaeet
melt —¥200)  eybie —22N)  qetragonal ("wc’ monochinie

The Inph temperature ¢ phase has the Nluonte stnucture tFm3nn, whereas the other palymorphs 10 Plainme, m. P2y
are distorted versions of this structure (Fig. 211 The t =+ m ransfonmation s manensitic in nature (Subbarao 19X1,
Bansal and Heuer 1972, 19741,

Tough ZrO; alloys typically ¢ontain fine 1203 parucles within a ecranue matnx. For such matenals, the
martcasite stan, My, temperature 1 suppressed below room temnperature. Alfo, the martensitic iransformanon wathin the
12702 panicles can be induced by stress, especially the siress ficld associated with propagating eracks. This
trangformation 15 the source of toughness in ZrOy-containing ceramics {Heues and Hobbs 1981, Claussen, Rihle and
Heuer 1984, Heuer ctal. 1986, Sdmiya, Yamamoto and Hanagida 1988, Green, Hannink and Swain 1989, Garvie,
Hannink and Pascoe 1978, Evans and Cannon 1986).

An impontant theme will be the difficulty involved in nucleating the manensitic phase, with emphasis on
nucleation in small panticles, Such nucleation and growth aspects of manensiuc transformations, while traditionally of
great concem, have been underemphasized in many treatments of tansformationstoughening in ccramics, Furthermore,
since growth velocities of manensitie interfaces approach the speed of sound, the nucleation step in the t—= m
wansfomuation of ZrOz is of primary importance.

Scvenl types of microstructure can be used as a basis for ZrOa-toughened ceramics (ZTC). Of panticular
imponance are two different compositions, matcrials | and {1, shown on the phase diagram (Fig. 2.2). Material I may
be densificd in the t+ZrO2 phase ficld and cooled to room temperature (RT). Then, provided that the grain size is less
than the eritical size required for the vansformation, a singlephase 1-ZsO2 material may be produced ("Tetragonal
Zirconta Polycrysuals:™ TZP), Composition Il (Fig. 2.2) consists of t-ZrO2 in a cubic matrix. Generally, these
materials are sintered in the cubic phase ficld, but on cooling to the two-phasz ficld, the tetragonal phase forms as
precipitates, The size and size distribution of the tetragonal precipitates depends on the thermal wreatment in the two-
phase ficld. The 1-Z:O3 precipitates, when small, remain tetragonal upon cooling down to very low temperatures (iquid
He). ‘This class of material is referred to as partially stabilized zirconia (PSZ). The shape of the 1-ZrO; panticles depends
on the stabiizing agent (Heuer and Hobbs 1979, Claussen, Ruhle and Heuer 1984, Green, Hanmick and Swain 1989).
Conversely, large precipitates transfonn thermally 1o m-Z:O3. Finally, TZP may be used as one of the components in a
composiic materjal. Such matenals are referred to as ZrO; dispersed ceramics (ZDC). The predominant system is
Al203-Zr03 (zirconia-toughened 2lumina, ZTA). The size and distribution of the ZrO3 regions depend on the
processing conditions.

The t = m phase transformation (Fig. 2.3) involves a sct of transformation strains that increase the volume and
change the shape of the parucle/grain. Isolated grains invariably transform provided that the nucleation conditions are
satisfied. However, for greins embedded in a matrix, strain energy changes tend to oppose the transformation. Then,




Fig 2.1 Schemauc representation of the three zirconta polymorphs: a, cubic;
groups are indicated.
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Fig. 2.3 A schematic representation of the zirconia phase transformation, The normal phase transformation to
monoclinic is represented by going from A to B and indicated that the zirconia parucle undergoes a size and
shape change. The material surrounding the panticle will oppose the transformation and it is the stmin energy
that is involved in this constraint that allows the tetragonal phase 10 be retained. As shown in C, the
ransformation from A to C can be aided by an spplied stress.




for the transformation (o proceed, the system has to be “supercooled™ to sufficicntly increasc the chenucal driving force.
The retention of t+Z:Q2 10 room temperature can be controlled by several microstructural and chemical factors, such as
grain size and alloy content.

The microstructures of these materials can be characienzed by methods which depend on the level of resolution
required for the idennfication of structures and morphologies. Usually, clectron optical instruments are needed. For
cxample, scanning clectron nucroscopy has allowed the detenmination of the grain sizes and of phases in ZrQy materials
down to dimensions of about (). | 4m, whereas transmission clectron nucroscopy (TEM) has allowed the identification of
phases and defeets to the atomic level. Some typical TEM micrographs obuined for Mg-PSZ, ZTA (with intererysalline
and intracrystalline ZeOs) and Y-TZP parucles are depieted in Figs. 2.4-2.6. Major defects is these matenals, such as
dislocations and precipitates, have also been analyzed by conventional TEM tHlirsch et al. 1977, Ruhle and Wilkens
1982, Retmer 198:4), while analyneal TEM has allowed the charactenzation of chermical compasition with high spaual
resolution of = $am (Hren, Golstein, Joy 1979, Egenton 1986). Finally, higheresolution TEM (HREM) has allowed the
determination of the atomistic structure, wherzin experimentally obtained images have been eompared with results of
image sunulations using specific nodels (Spence ‘988, Buseck, Cowley and Eyring 1988).

2.1._The Cubic-to-Tetragonal Phase Tansformation

Pauling (1960) provided a sct of semicmpirical “rules™ {or predicting crystal siruciures of inorganic matenials
bascd on radius ratio (feuon/Tanion) cOnsiderations. AX2 compounds with large cations and radius ratios approaching |
should have the (luocite structure, whereas those with small cations and radius ratios < 0.4 should have tctrahedral
coordination and crystallize with onc of the silica structures. Intermediate-sized cations should form A Xz compounds
with the rutile suucture, The radius ratio for ZrO3 in cightfold coordination is 0.59, This radius ratio is much lower
than that for other materials with the fluorite structure (CcO3z 0.68, UOa 0.70, ThOa2 0.75, CaFa 0.85, HeFa 0.86,
CdF3 0.88, StFa 0.94, etc.). Conscquently, pure ¢-ZrQ; s stable only between 2370°C and the melting point at
» 2680°C (Smith and Cline 1962}, The instability of ¢ZrOa at lower temperatures docs not lead (0 2 rutile form of ZrO3
because the Zri* jon is large. Instead, t- and m-ZrOy form at progressively lower temperatures, Both of these
polymorphs are distorted versions of the fluorite structure (Fig. 2.1).

The electronic structure of both ¢- and 12Oy, caleulated using quantum mechanical cluster techniques, yiclds
additional insight into the stability of thesc polymorphs (Morinaga ctal. 1983, Jansea and Gardner 1988,
Zandichnadem et al. 1988). Such calculations reveal that 1-ZrO3 is more covalent than the c-polymorph: 28 pereent
and 22 percent, respectively. The higher covalency of 1-ZrO2 leads to a larger band gap and a lower center of mass
cnergy of the valence band. Consequently, 1-ZrO; is generally more stable than ¢-ZrO2. However, at clevated
lempenature, ¢-ZsOy is more stable because it has a higher entropic contnbution to the free energy.

Vinually all the rare canth fons in solid solution reduce the € = t transformanen emperaiuie. Addinonaily,
when ZrO2 looses oxygen, the ¢ phase in the resulting nonstoichiometric ZrOa_; has a larger stability field
(Zandichnadem 1988). Quantum mechanical calculations by Morinaga et al. (1983) and Jansen and Gardner (1988)
show that there is a large change in the electronic structure and in the encrgy of the valence band as anions are displaced
from their ideal fluorite positions. Consequently, since the charge compensaung delects 1n both rare carth doped and
oxygen deficient ZrO3 are oxygen vacancies, it is likely that the stabilization of ¢-ZrOj is related to lecal structural
relaxation around the anion vacancies (Morinaga et al, 1983).
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Fig. 2.5 TEM micrograph of an A0y ceramic containing dispersed 75O) patuicles
3) lmegular-shaped, faceited ZsOn parucles are intererystalline; .
b) Regular-shaped ZrOy panticles are tntracrystalline: the onicntation of the paruicte is random mnside the
matrix,




Fig 20 TEM mcrograph of 3 TZ0 corame which w 100% 04Oy Geatn size range S 0 X,

These stabilization cffeets ane manifest in the phase disgrams. Stubkin (19883 descnibes the exaet sotulbulity of
MgC it and 620y with reasenable certatnty Fig, 2730 Coaversely, the detnls of phase equilideia in ZrOy/C
are clusive. The lagt majoe stiemptiStubican 19285 hax been the subject of four revisions volving ather the
vompoiition of kmperature of the favariant cutecioid and the suability fickis of the intermediate compounds, §1-CaZnOp
and 92 CavZr19024. The most recent diagram shows that & and O3 are stable below 1233 and 1355°C, respectively,
while the cutectond is at | 130'C and 17 mol®s Ca0. Morinaga ct 3l (1983) and Pascual and Duran (1983) poinied out
that uncertainty exists in the Y201 Z2r01 system. Many ol the probiems arise from the use of ¢lassical techniques witks
pooe spaual eezolution, Funacamore, the free encrpy, compatition Curves are relatively flat,

Enhanced peecision tx Wiustrated by studies of subsolidus equilibeia using analyucal clecwron microseopy
deternine the compasitions of the cocxisting t- and ¢-ZrO3 with high spatal resolution and with calibrated standards to
tetermunc sbsolute concentranions (Rukle et al. 1984, Lanterni et al. 1984). The data (Fig. 2.8} obusined vsing erystals
coataing 6 or § wi% Y+0r, grown by skull melting and aancaled foe long times between 1300°C wsd 1600°C have an
absolute uncertainty £0,2% and represent the best determinanon 10 date of subsolidus phase equilibnia in 3 ceramic
ayster in which both cocxiating phascs show apprectable solid solubahity

¥ The knd-shaped 12002 precipraes found in Bus alloy are consistent with the geometncal transformation theory of Khachaturyan (1983),
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Fig. 2.8 Zirconia rich end of the ytuia-zirconia equilibrium disgram. The equilibrium compositions were determined
by encrgy dispersive x-ray spectroscopy.
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2.2.2, Strain Fields

Strain fields that occur in association with 0Oy particles are important o the transformation, as claborated
below, Conscquently the local strain ficld in the ma rix surrounding a zirconia parucle has beea examined by HVE)
{RUhle and Kriven 1982, 1983), The strain analysis was performed at intracrystaliine, regulas-shaped, spherieal aad
slightly cllipséidal 1+2:O3 particles completely embedded in the Al203 matix, Extended contrast fringes are visible
around the embedded particles when the mamix is imaged under two-beam dynamical diffracuion conditions. By imaging
the Ala03 surrounding the panicles with different diffraction vectoes (Fig. 2.9) and different oricntations, it was

stcenuncd that an anisotropic strain field surrounds the t-2rQn inclusions and that the parucle is a center of dilatation,
The strain anisotropy is atuibuted 10 the anisotropic thermal expansion mismatch.” Preliminary experimenis comelating
the strain field with the intemal odientation of tetragonal phase (Rithle and Kriven 1983) are consistent with the
hypothesis that maxiraum nusfit with respect to the alumina matrix occurs along ¢, Computzr simulated images from
contrast calculations based on the above madel match weil with the observed tetragonal strain field (Mader and Rihle
1982, Mader 1987). Additionally, approximate contrast calculations conducted using clastic dipoles yield misfit
parameters which agree reasonably well with those expected from the misfit strain (Rithle and Kriven 1983, Madc
1987).

Transformed paruicles are intemally twinned, leading to very high displacement ficlds localized at the parucle.
matnx interfuce (Fig. 2.10). A semiquanttative analysis by Rulle and Kriven (1983) and Mader (1987) indicates that
the particle is a center of compression due to the volume incriase and that the strain ficld symmetry axis 1s perpendicular
10 the intemal twin plane. The tr.. '<formanon and deformation twinning mechanism for a transfomung ZrOa particle in
an Al2Oj suggested by the observations is summarized in Fig. 2.11 (Kriven 1988).

* The specimens were fabricated 1n equilibaum at - 1500*C,




Fig. 2.9 a.0) HVEM analysis of the anisotropic strain ficld in the alumina matrix surrounding an inttagranular +-ZrOz
particle whick formed a center of dilatation at room temperature, The panicle was imaged in bright field and
q“a‘;ik ﬁ:‘}d modes under two-beam dynamical conditions with the plane normals (diffraction vectors g)
indicated.

<

. . ": .
& ;
N - .k - '., 'y ! bury ¢ sy

Fig. 2.10 HVEM micrograph of strain fields due to internal monoclinic twins, localized at the particle-matrix interface,
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Fig 211 Suggested iransfonmation and detonnation twinming mechanism for a transfonming ZrOz parugle 1n 3n
- A13O3 maurix (Kriven 1982, 1988),

22,3, Nucleation

The nucleation of mancnsite ¢an be treated tsing cither a discrere analysis with the stricture of the matensite
Phare ur by snvoking a gradual, diffuse transiuon, In the fommer, classical approach, the interfactal and strain encrgies
anogtated with martensitie nucles prevent their forming by conventional statistieal fluctuations thomogencons
nucleation). Possible sites for heterogencous aucleation ("embryos™) are thns tnferred (Knapp and Dehlinger 1956,
Kaufinann and Cohen 1958). For steels, a dislocation armay susceptible to dissociatton has been proposed as the
cimbryomie nucleus (Olson and Cohen 1981, 1982). For such a case, the free energy function descnbing the formation
of a mzntensite nucleus of volume V and interfacial area S can be expressed as

g = 80 +(g +g* +gM)V+sy (2.2)

where g? is the change in sclf-encry of the dislocation embryo, g! the interaction energy with the nucleus. geh the
chemical-free enerpy/unit volume accompanying nucleus formation, g5¥ the strauti encrgy attendant on formation of the
nucleus and Y the parentmartensite interfacial encrgy. gl can be expressed in the form

o gDeT
B = oty (2.3)
where 03 is the prior stress field associated with the dislocation and C}r‘ the unconstrained transformation swram, If
t:}; is an invariant plane strain, as must approximaiely be true for any mantensitic reaction, the nucleus is expected to be
a thin plate of radius r and semithickness t, for which

gﬂf = Kl/r (2'4)
where
’ x(2-v) % 2
K= [8(1 v)]mr. [4(1-v)]""‘ @.5)

where J and V are the isotropic shear modulus and Poisson's ratio, respectively, and ¥; and €y the deviatoric and
dilatational components of C',';. If the nucleus is coherent, Y consists of a “chemical” term, whereas if it is

il




semicoherent, an additional term due 10 the short-range stress ficlds of interfacial dislocations must also be taken into
,count,

A plet of trends in g with n, the number of atoms in a nucleus (Fig, 2.12) illustrates the basic features, For
hotmogencous nucleation, 4g* represents the activation energy necessary (or 2 structural fluctuation to achicve a ertical
cmbryo size n*. As already mentioned. Ag® for homagencous nucleation is very Jarge, because of the magnitude of the
strain and interfacial energy terms in Eqn. (2.2). Chen and Chiao (1983, 1985) veriticd for the ZOa trans{ommation
that such nuckeation is essentially impossible,. When strain "embryos™ are present. a much smaller activation barrier may
exist. Furthermore, in principle, the defect intcraction can be so large that "barricrless™ nucleation is possible.
However, as claborated below, this nucleation mechanism seems unlikely in 21Oz,

A ranclassical sansformation (Fig, 2.83) requires a diffuse interface between parent and transfonned lattice as
propoced by Cahin and Hilliard (1958, The transformation may be aucleated 1f Iattice anhannoatcity leads 1o
stabilitics, preferentially activated at lattice defects; thit process has been termed “localized solt mode™ (LSM)
nucleation (Suzuki and Wuttig 1975), Such transformations are likely if one or more clastic constant has a marked
teniperature dependence as the transformation temperature s approached. Soff zones should oceur near free surfwes
{Clapp 1973), as well as adjacent to grain boundaries and interphase interfaces. and be encouraged by strains arising
from coherency, thermal expansion mismatch, eic. (Guénin and Gobin 1981). Nucleus formation occurring at localized
oft modes adjacent 10 1-250; interfaces provides the best rationalization of available dau, as elaborated below,

i) Tetragonal Z:O; Polycrysuls (TZP)

In 7203-containing t-ZrO2 polycrysials (Y-TZP), the 1-ZtO grains arz € 1tm in diameter and constitute
2 80 percent of the microstructure; in some sampies, c-ZrO3 grains are present. All graing are surrounded with a thin
continuous amorphous phase (Rihle etal, (984). No grain houndary dislocations can therefore be present.
Nevertheless, such boundaries are sites of localized residual stresses arising from the theninal expansion anisotropy of (-
2030y = 7.1+ 10-6PC and 0.2 = 11,4+ 10°6/°C (Schubert 1986).

Y203 is a very effective stabilizing solute and increases the difficulty of marntensite nucleation. Among other
manifestations of this difficulty, the ransformation 2one found from in situ crack propagation experiments in the HVEM
(see Sect. 3)! is discontinuous. The relative stability of 1-ZrO; in this system facilitaies study of the nucleation process.
Specilically, Rhle et al. (1988) have shown that t-ZrG can often be made to ransfoem curing TEM observations, due
10 stresses induced by clectron beam heating (ZrO; has one of the lowest thermal conductivities amang inocganic
crystalline solids). Nuclestion is found to occur preferentially at grain boundanes and grain comers and it is possible to
photograph various stages of transformation. Typical examples are shown in Figs. 2.14 and 2,15 (Rihle et al. 1988,
Heuer and Rihle, 1985). A typical essentially-featureless high-angle grain houndary exists at the beginning of the
experiment.  After a short interval of electron iradiation, straia contours develop at a specific site along the grain
boundary {the arrowed features in Fig. 2.14b). These strain contours oscillate during the experiment, and sometimes
die away. Occasionally, however, a small lathe cf mantensite (m-ZrO;) forms out of <& >~ oscillatory contours and
begins 1o grow across the grain, (Figs. 2.14c and d). It is notaole that the strains close 1o dis.ooavons, small-angle
boundaries and stacking faults do not act as preferred embryos. For example, Fig. 2.15 is a bright field/dark ficld pair
showing several martensite lathes (the arrowed features). Cne of these nucleated at a grain facet and grew completely
across the grain, The second had nucleated at an othesrwise featureless site at a grain boundary: Note that these

¥ This is quite difTerent from dispersion-loughered and precipitation-toughened materials, fiv which uniform zones sdjacent propagating cracks
are the rule (Rohle ctal,, 1984),




Fig. 212 Schematic free energy curves for nucleation via a classical path.
E)] !lo?ogcn?o?s nucleation for which a very high nucleation bamicr must be surmounted to form the critical
nucleus of site n®.
b) Heterogencous nucleation in the iicighborhood of 3 defect of encrgy gP: only a small thennal activation
barrier, Ag°, must be surmounted, n¥ denotes a strain “embryo.”
¢) Barrer-less heterogeneous nucleation (Guénin and Gobin 1982),

n 4

classical

o

>
0 n* size n

Fig. 2.13 Clnsiical and nonclassical nucleation paths. A nucleus of site n® of the martensitic phase is characterized by
n=1.
a) The classical path.
b) and c) show two examples of nonclassical paths (Olson and Cohen 1981, 1982).




Fig. 2,14 Nucleation in Y-TZP. () At the beginning of the experiment, n.s defects or localized strain contour” are
visible on the grain boundary, but develop during irradiation, as shown by the arrowed region in (b). Oa
continued irradiation, a marensite lathe (a m-ZrOn plate) develops [the arrawed feature in {c)] and grows ito
the grain (d). Bright field electron micrographs.




nucleation events occurred 3t grain boundaries, despite the presence batk 2 small angle grain houndary (SAGB) and 2
stacking fault (SF). This mode of transformation may differ from that found in bulk materials due 10 the lack of
constraint alforded by the free surfaces in thin foil experiments. Nevertheless, the oscillatory “premonitoey™
phenomenon shown in Fig, 2,14 is precisely that expected for the LSM model for the nucleation at a strain
concentration.

The expecied strain distribution in a cuboidal particie: (3n adequate model of 4 grain in TZI) embedded in a solid
possessing both clastic and therma! expansion anisotropy (Schmauder et al. 1984) includes logarithmic singularities at
cdges and corners.t Consequently, the expectstion for of achicving a critical strain over the nutleus volume increases
with increasing grain size, qualitatively consistent with a panicle size dependence of My,

iiv Disperston Toughened Ceramics

In dispersionstoughencd ceranies (ZTS, ZTA, ZTM), the difficulty of aucleation 15 found w be greater foc
rounded panticles embedded in a grain than for facetted particles at grain junctions. Additionally, the nucleation difficulty
increases with decreasing particle size and, furthermore, correlates with the thermal expansion mismatch to the matrix
phase, Thus, 1-ZrOa inclusions are panicularly stable in spincl (RGhle etal. 1984). Converscly, the average thermal
expansion coclficients of Aly03 are less thar ihose of pure (-ZrO2 and the latier is in residual tension, Conscquently,
intergranular ZrO3 panticles in ZTA have a well-defined critical panicle size (Heuer ctal, §982): My ix above room
tempersture for virtually all particles 2 0.64tm (Fig. 2.16). The stress concentration at grain facets exents a critical
influence on martensite nucleation in these materials (as the particle-matrix interface is the only “defect”™ visitie in the
TEM). However, spherical intragranular panticles are extremely stable up to 2im diameter and can exhibit an My
temperature Jess than 20K (Heuee et al, 1982).

i) Precipitation-Toughened Ceramics

The 12103 is present as coherent precipitates in partially-stabilized ZrOa (PSZ) and it hag been suggested (Heucr
amd Hobbs 1981, Ruhle and Heuer 1984) that the s12¢ dependence of My 13 related to loss of coherency dunng extended
lnghstemperature aging: the interface dislocauons acting as sies for heterogencous nucleanon. Indeed, Chen and Chizo
11983 concluded that a single serew dislocation with [001] Burgers vectoe should sufiice to nucleate the transformanon
atroom temperature, However, virtually all PSZ ceranues studied to date 1n the TEM have been essennially dislocauon.
free: dislocations could not be imaged even at precipitate-matrix interfaces. The role of dislocations as aucles thus
appears anbiguous,

Additional aspects of the nucleation emerge from consideration of transformations in Mg-PSZ. The t-ZrO2
precipitates in this material are lenticular in shape (Fig. 2.17) and the tetragnaal ¢ axis (cy) is parallel 10 (100) of the
matrix. The aspect rago of the particles is abcut 4 and can be ratonalized on the basis of Khachaturysn's theory (1983)
for the morphalogy of tetragonal particles precipitated coherently from a cubic marrix, Specifically, the tetragonality of
-Z:0a in Mg-PSZ is large, 1.021 (Green et al. 1989) and the oblaie particle shape minimizes strain along ¢, However,
the particle tips are very sharp, as visualized by comparison of the actual particle in Fig. 2.11 with a perfect cllipse of
the same aspect ratio, The sharp tips, combined with the aspect ratio, minimize the net coherency strain energy and
interfacial energy accompanying precipitation. When coherency is lost, the misfit dislocations must have a significant
component along the axis of greatest misfit such that (001] edge-type dislocations on (100) planes should be produced

$ The stain bevels in facetiod particles are not sensitive 10 the actual grain shape,




Fig. 215 Pamally transformed tetragonal grain in Y+ 1ZP, Scveral maniensiie laths are arrowed, having formed at a
grain fa3cet and grown across the grain or 3t 3 grain boundary and are sull growing. Nuclestion has niot
occurred at 3 small angle grain boundary (SAGB) or stacking fault (SF),

a) A bright ficld clectron micrograph,
b A fickd clectron micrograph,
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tHicucr and Ruhle 19%4). Such dislozations differ from the array of [001] screw dislocations en 3 (110 slip plance
postulated by Chien and Chiso (1983) as the nucleating delect,

‘The size dependence of My for 12003 panticles is pronounced in Mg-PSZ. Panicies of the type shown in
Fig, 2,17 have Mg < 6K tHleuer etal. 1982), Coarsening during aging causes the panicles to clongate and Mg to0
rapidly increase; M, foc averaged panticles can range 10 > 100K, Furthermore, the aspect ratio comelates with the My,
Specifically, Mg-PSZ solution annealed 3t 2073K, cooled rapidly t room temperatuen and aged at J673K for various
times revealed that samples aged for four hours o less had M, below toom temperature, while M; was = 75X for six
hours aging and = 725K for an cight-hours aging. These results 3cem most consistent with the LSM model with
nucleation facilitated by residual stress concentrations at sharp particle tips,

"The corresponiding wize dependence for 12005 tn Ca-PSZ, in which the particles are cubaudal, 1s simlar. Thas
sinnlanty 1x probably eomewdental, because the volume stran 0n precipitation s smalice i Ca=PS7Z than in Mp-PSZ
088 and + 195%, respecuvely), due 10 the marked difference beween the 10me radu of Ca?* and M2 tHever
and Ruble 1984y, However, these volume straing are madified by the thermal expansion imssatch between ¢ and ¢
Z103, such that the stress concentratton at cudud facets i Ca-PS7Z 15 less than at the lens ups in Mg-PSZ. The net rosult
nasiular enteal panicle dimension in the 1wo systes.

The corresponding critical size in Y-PSZ is relatively large, but has not been rigorously determined. Both the
tetragonality and the volume strun on precipitation age small, 1,008 and + 0.02%, respectively. Also, Y203 15 much
more soluble in -ZrOa than cither &0 or Ca0. Finally, the precipitate morphology is unusual, as the 1-7:O; exists as
twinned “colonies,” the twinning serving 10 further reduce cohereney strains (ef,, Khachaturyan 1983, Lanteni et al,
1986).

Y

-3




3. INSITU OBSERVATION OF TRANSFORMATION

In situ straining experiments performed in 3 high-voltage clectron microscope with cracks introduced during the
defonmation reveal the protesses occurring around crack tips (Rikle ct al, 1984). TZP, PSZ and ZTA materisls have
been studicd. For studies on ZTA, the Al203/Z1O; powders were milled for different times 10 vary the 2rO; panicle
sires. The size distributions of the Al203 and ZrOy, as well as the raction of ZtO3 panticies with m symmetry were
determined by TEM (Fig. 3.1 and Table 3.1). Specimens were carefully polished to a thickness of 40 1o 30im. By a
special jon thinning technique, two clongated holes with a transparent ridge between them were formed (Figs. 3.2 and
A3). The transparent arca was photographed and the 1-ZiCz panicles identifiod. The specimen was slowly strained
inside 3 high-voltage electron microscope 3t a constant rate until a crack was fnitiated, usually a1 2 region of highest
stress concentration such as a thinner area in the ridge. The progress of the crack could be stopped by ceasing 10 apply
further strain. The 1-ZrO; particles were observed to transform suddenly (Fig. 3.4) ahead of the erack tip, at 3 distance
dependent on the size of the particle, to form twinned monoclinic panticles (Fig. 3.5). After the relief of the applied
stress, the reverse transformation could not be observed.

The spatial distribution of zirconia particles which transformed ahead of the crack as it progressed through the
material is summarized in Jigs. 3.5 and 3.6. The general shape of the transformation zone could be outlined
{Fig. 3.6), although its dimensions were dependent on microstructete homogeneity. Clusters of zirconia particles
which were susceptible to transformation even at larger distances from the crack, modified the shape of the zone. The
expected transformation ahead of a crack tip within a well-defined transformation zone was thus experimentally verified.
Furthermore, the zone height could be evaluated by investigation of the t = m transformation in the 100{im long wake
of the crack. The results are summarized in Fig. 3.7
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Table X1 Size range of the different size groups—iogacithmic scale

Size group | Lower bound | Upper bound

{Hm) {Um)
1 0 0.10
2 0.10 0.13
3 0.13 0.18
4 0.1% 0.24
5 0.24 0.32
6 0.32 0.44
7 0.44 0.59
8 0.59 0.7¢9
9 0.79 1.06
10 1.06 1.42
11 1.42 1.91
12 1.91 1 i
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Fig ¥3 Spectmen lor in st sraming experiments. The ndpe between the two holes is fnearlyi transparent to 1 MeV
clecrons dow magmiticaton TEM),

41 Unsinuned specimen,

t Defonned specimen with urack.
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The results of 1 suu straining experiments for Mg-PSZ and TZP eeramics revealed that those ceramics formya
WLy nasrow tansformation zonc . However, material optimization leads to larger widihs as detected cither by micro
Raman spessroscopy (Clarke and Adsr 1982) oe by oprical techniques tSwain and Rose 19B6).
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Fig. 3.5 Sequence of straining experiments. (a) TEM micrograph taken prior 10 straining. No m-ZrOz inclusions are

present. (b) Crack stants to propagate. The czack is marked on all micrographs. (c) to (f) Straining
experiment. Crack propagates by increased loading. 1-ZrOz inclusion transformed 1o m symmetry.
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Fig. 3.6 Schematic representation of (partial) evaluation of straining experiment. The specimen was strained o that the
erack propagated to diffzrent positions (1, 2, 3, 4), All ZrOz inclusions are marked on the schematic drawing,
Hatched areas: ZrO2 grains transformed during propagation of ¢rack from hole to position 3. Dark arcas:
7107 grains transformed during crack propagation from position 3 10 4. The transformation zone is outlined,
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Fig. 3.7 Determination of ransformation zone size h (perpendicular to crack). The fraction of transformed ZrO3 grains
is plcted as a function from distance of the crack for materials I and I1.




4. TRANSFORMATION TOUGHENING

‘The stress induced transformations that can cause significant toughening include martensitic (Evans and Hewer
1984} and ferroelastic (Virkar and Matsumoto 1986, 1988) transformations, as well as iwinning. The former involves
both dilatational and shear components of the iransformation strain, while the latter typically have only a shear
component,

At the simplest level, transionnauon toughening can be reganded as a process domtnated hy 2 volume ncrease
whilatatonal stress-free stratn cfll tsee Fag, 220 Then, based on sitnple concepts, it 15 apparent that a stress induced
frontal process zone must have no cffeet on the erack tip ficld and thus, inital erack growth must occur without
toughening, Fig. 4.1 (McMecking and Evans 1982, Budiansky ctal, 1983). However, upon erack extension, process
20nc clements unload in the wake, hysteresis occurs (Fig. 4.2) and toughening develops, given by,

e = 2f3 ] 1)
where GF is the critical mean stress for supercritical® transformation. This steady-siute level of toughening is atained
after substantial crack exiension. A directly equivalent result for the increase in critical stress intensity (actor, AKe, can
be derived by considering that a residual compressive stress created within the transformation zone. This stress inhibits
crack opening, resulting in crack shielding such that,

AK, = 0.22 Ec}; /\ﬁ\-/(l -v) 4.2)

where E is the composite modulus (McMecking and Evans 1982),

Evans and Cannon (1986) and Green ct al. (1989) compared the theoretical predicted values with experimental
o3t based on actual zone size measured in steady-state (Swain and Rose 1986) (Fig. 4.3) and revealed that Egn, (4.2)
consistently underestimates the touphness. It has been surmised that the disparity arises because shear effects have not
been incorporated, One hypothesis regarding the shear strain invokes non-astociated low (Evans and Cannon 1986).
Specifically, it is presumed that the shear stress dominates the nucleation of the transformation, but that the residual
strain is predominanily dilataiional, because of extensive twinning (Evans et al, 1981), This premise results in a 2002
profile, in plane strain, with diminished transformved material ahead of the crack. The resultant toughening exceeds
Eqn. (4.2) and furthermore, agrees quite well with experimental data (Fig. 4.3). However, the necessary zone shapes
are not consistent with experiment. Some inconsistency thus remains to be addressed, and other mechanisms, such as
twin induced microcracking, may also be involved (see section 5).

The zone size h represents the major microstructural influence on toughness. Clearly, h is govemed by a
martensite nucleation law, However, a fully validated law does not yet exist. Consequently, connections between h and
the microstructure still cannot be specified. Nevertheless, cenain trends are apparent, based on the free energy of the
fully transformed praduct. Specifically. Y invariably decreases with increase in temperature and decrease in panticle size.
A temperature and particle size dependent toughness is thuz inevitable for this mechanism,

*Supercnuical refers 1o the condiuon wherein all panticles within the process zone (ully transform.
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Constitutive laws exprezsly relate the vomponenis of the siress and transfomiauon stain tensors 1n the
wransforming solid, The stresses sre most conventently expressed ta terts of the mean stress, G, . the devigtong
AEgssgs, 5y = Oy = Oy 0.7, andlor the cyuivalent atress, G, = /ls"sulz and thesr variasion duning
tansformation. Such relations are, 1 fagt, the cyutvilent, of the mare fanuhiar constitutive laws used ta desenbe plase
deformation and crek tp ficlds i claxueplasue wolids. A viable conatitunve law miust sccount for the effect of patticle
stize amd shape upon the incidence of tansfonmanon by allowing only a cenatn fraciion, £, of the solid 10 actoally

transloom at a gaven inpoved stress Gy The simplest yield entenon has the forn (Clien and Reyes-Morcl 19861,

a/Q+alt « ) oy

abiere 2 and T are expenmcatally detenmined aormatizing paratieicts that depend on 1, ot oane pattnde a2e
Laperments pertoned on P87 amd TZP «Clien and Reves Mogel 198K, are wonantent sith this tfanshamation
oonditton. However, knowledge of the nueleanon 15 not ot subticiont o allow £ and € 1o be expressed explicily in
terns of these vanables.

The preceding consututive laws provide the basis for detsrimning crack up ticlds and hence, for predicung wends
m transfonnation tugheming, as discussed below,

4.2 Crack Tip Stress Fislils

MeMecking and Evans (1982) pointed out that the gencral fonm of the vrack tsp stress ficld in the presenee of a
transformation zone, depicted in Fig, 3.4, is charactenzed by two stress intensity faetors. Quistde the zone, for small
wale transformation ti.c., a small zone compared with ezack fength and specimen dimensions), the field is given by the
hincar clastic solution th < r S a)

a, = (K./V2zr)8,

(X}

where Kea 15 the stress intensity determined by the applied loads and r is the distanse from the erek up, Close to the up,
the transformation strain is suurated and hence, the material is again linear and can, consequently, be characterized by
another stress intensity factor Kyp, such that

g, = (K, /V2xr) L

L5

=l .
The coefficient, 0,7, which depends on polar angle, approaches that for elasuc matenals when &y Eila, is small,
The transformation may thus be chuzucterized by a stress tniensity change AK, defined as

A K K - K -

= Np 14.6)
When Kyp < Kes, the transformation zone shields the up from the upplied loads. The fraciure behavior 1s govemed by
the values 07 Kyp and Ko at the fracture criticality. Knowledge of the stress in the intervening regions is not required

for analysis of the toughening (Budiansky et al. 1983). Specifically, the near tip ficld provides a plausible crack
extension critenon
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Fig. 4.5 Change in nonmalized toughness as a function of normalized transformation strain.
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K tp Ka id 1
wWaere Ko s the fractuee (e UsIaace of the miizrial in the trdavoemation Jone tmmediaiely ahesd of the cruck L.
whereupon, the abiserved toughness 1z
K

« 2 Kyt aK, s

where IR i the quantity - OK, evaluated at the fracture cnticaliy.

KR [\} § hY

Phete are twu cquivalent analvucal methods for detemumng tremds i ghness  oiie basad on stress intensity
tatore ansd thar athier wath v oinenvationt Inteerals  Both approachies pradint the same Belavioes, bat Lave difterert wtility
A Vatiedns s off Tt g requine elunsdatiore Comsequently, bt approscios are bretle o nhed

1 Stress [ntensity Factors

The magnitude of JK clearly depends on 1™ shape of the zone and on the components of the transfoimation
strain tensor. Innally, 1t s perinent 10 consider a erack 1n an untransfoamed parent, such that a frongal zone develops as
the load s amposed.  Subnequentiv, 2 deady«state zone of untform wulth over the crack surtaces (Fig. 4L.h is
evamined.  MeMeeking and Evans (1982) have shown that the K levels are different for these two 2one
vontigurations, resulng in R.curve effects,

Erontal zone. When the long-range stran ficld of the transformed particles 15 purely dilatational e, an
extensively twinned particle with uaiforin twins and thereby, no long-range shear strain), the mean stress may dicuate the
shape of the transformation z2one, which then has the shape depicied 1n Fig. 4.1, For this condition, AK = 0
However, sune shape ¢ffects may be impoctant when the zone deviates, for some reason, from the simple dilatauonal
shape. Such effecis might arise because transformed dilatant regions abead of the crack 8 < %/3 provide deleterious,
poauve AK contnibutions (Kyp > Kes). whereas those regions at 8 > X3 provide negative contributions.
Conscquently, if, for example, the zone profile were determined solely by the deviatoric stresses, AK <0 and
appreciable toughening would exast. Such effecis might arise when transformation oceurs by an autocatalytic peocess, in
the form of shear bands emanating from the crack tip (Lambropoulos 1986).

Steady-state zotig. The calculation of AY. for the steady-state configuration is, again, most straightforwand for
the purely dilatational transformanon. For this case, when the transformation does not reverse in the wake and when all
panticles within h are transformed, the plane strain 20ne width for small-scale transfonmation is

]

L)
12x ( a* 9

{MeMecking and Evans 1982, Budiansky ctal, 1983). The corresponding extent of crack shiclding is given by
Eyn. (1.2),

8K = =0.22Ef eT/R /1 -v). (4.10)

The supercntical plane strain toughness can thus be expressed in the following forms

aK, = 0.22Ef S VR/(1-v)




M /Ke = (VIN2x)0 + WEST /A = 1) Wi

-1
Ke/Ky = [ 1= (V372000 + WELCT /350 - )] i
If the transformation (s not ¢iivated by the hydrosiatic coack tip fickd, but instead occurs 1n shear bands, inclined
at = X/) 10 the crack plane (2> > T in Eqn. 4.3), all of the deleterious transformations in front of the crack arc
vachsdal. A shown by Evang and Cannon (19861, the duperenacal SR, then increases o

MK, = 08E/ VR /=), R

Zoac profile convideratinns are thiss of peime importance in determaning the magnitule of the teansfoemation loughening.
For conditions of plane stress, the Yoge widih i predicied to be smalker, csusing the toughness to diminish.

When the transiormation 20m, iz st small, the 2one widih [s affected by the previously transformed marerial and
Eqn. (1.9) does not apply. In this case, 3 numerical solution has revealed the trend in toughening ratio K/Ky with
Efe]/3° depicied in Fig. 4.5. In panicular, it 75 noted that “lock-up™ occurs (Ke = v) when Efe} /3¢ = X0,
This phenomenon, first recognized by Rose (1986) Ras been elaborated by Amazigo and Budisnsky (1989).

ii) Conscrvation Insegrals

For thz {rontal zone, the volume clements within the 2one o not experience unloading. Consequently, the path-
independent J-inwegral applics and the reladon

| = (1-vIKYE (1)

pertains for all line contours around the crack tip, Furthermare, since the elastic propertics of the transformed snd
untransformed maicrials are cssentially the same, contours arouad the tip (giving Kyp) and remote from the tip (giving
Koo yield identical values of K: whereupon Kijp = Kea.

Conversely vhen a (ully developed zone exists (Fig. 4.1), the material within the zone. behind the erack tip,
has experienced unloading and a path independent J does not apply. In this case, the appropriate conservation integrsl,
I, has the same form ag J at iw; tip

= -v2)K2
1= (-vK{ /E 1)

but remote from the tip

h
I = (1-v?)K2/E-2[ Uly)d
‘[0 Yy (4.16)

where U(y) is the residual encrgy density in the wake. Equating the magnitude of the conservation iritegral for the near-
up and remote paths gives




LY
KL = KL+ [28/01 = )] [Uty) oy
- Ky o (201 ”x vy (417

]
3 = 2Utyrey 18
The integral in Uly) can be simply related the clemental stress=strain curve (Fig, 4.2), Specifically, material in the
peocexs 267e undergoes 3 complcte loading and unloading cycle as the clerment translazes from the front 1o the rear of te
crack tip duning eeack advance, Hence, each clerment in the wake ig subject (o the residual sress work contained by the
hvucresis koop tFig. 1.2), Consequently, by appreciating that the wake 13 subject 10 2 resudual compeession the residual
wogray ety can be readily evaluated as thudianky ctal, 19%),

B(elf) s

K ¢ 7
Uy) = 3 C“/* 2(1 - B*/B) * 9(1=v) 14.19)

where B* i3 the slope of the streis-strain curve of the transforming material, The three terms in Egn. (4.18) denive
froem the areas 1, 11 and 1l under the stress-sirain eurve depicted in Fig, 4.2, The latter two terms cancel when

B° 2 =2E/3(1+v)
x -4G/3 ‘ 14.20)

and Eqn. (4.18) for the tougheaing is then identical 1o Eqn. (4.1). This condition for B* hig been determined 10
coincide with at the supereritical condition (Budiansky et al, 1983),

iii) Sub-critical Transformations

‘The preceding discussion has referred exclusively to supercritical transformations, wherein al, panicles within
the zone trangform. Such behavior is only observed in PSZ, More genenally, subcritical transformation occurs,
whereupon only a fraction of the phase ransferms. Sub-critical transfommations are characterized by a transformation
slope B® > - 4G/3. Some typical results determined numerically for the dilatational transformation are plotted In
Fig. 4.6 (Budiansky et al, 1983). In these instances, the overall transformation mechanism is important, in the sense
that the shape of the stress-strain curve Is dictated by the nucleation, growth and twinning characteristics of the
marniensite,

Altemnatively, sub-critical tougheaing can be characterized in terms of ihe distribution of transformed panicles
fly) as a function of the distance y from the crack plane. This formulation is particularly usefil because f(y) can be
determined experimentally (R.ihle et al. 1984). The selutions can be straightforwardly evaluated from the supercritical
transformation solutions by cousidering the contribution 10 AK from cach pant of the distribution (McMecking and
Evans 1982).

iv) Resistance Curves

Resistance curve behavior is inevitable in transformation toughened materials, because initizl crack growth is
largely unaffected by tansformations produced by the stationary crack. The slope of the resistance curve (the tearing
modulus) is governed by the current geometry of the zone, which depends on zone evolution (Charalambides and
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McMecking 1987, Budiansky 1989). Consequenty, toughening curves can only be calculated by applying incremental
crack growth methads. Such analysis reveals that the zone initially widens as the crack extends and eventually reaches a
steady-state crack width (Fig. 4.7). The actual 20ne morphology and thus, the shape of the resistance curve, depend on
the transformation criterion ind on the flow rule. Calculations based on a dilatational law indicate a large tearing
modulus and a peak prioc to stedy-siate (Fig. 4.8) (Stump and Budiansky 1989). The peak is most pronounced for
supercritical condition when the zone height is large. The existence of the peak s not physically obvious but may be
rationalized by apprecisting that the rising resistance curve and the steady-state resistance have a separate dependence on
the frontal zone shape evolution and are thus not uniquely connected. The occarrence of a peak fracture resistancs,
coincides with a peak in zone height, Such zone height peaks have been obseeved by experiment (Marshall et 2). 1989),

The resistance curves are also dependent on the length of the crack, resulting in short crack effects which
influence trends in strength (Stump and Budiansky 1989). For crack lengths in the range a < Sh, interaction between
the zones at the opposite crack tips reduces the zone shielding.




MeMecking 1987, Sudiansky 1989). Consequently, toughening eurves ¢an only be calculzted by applying incremental
otk prowth methods  Such analysis reveals that the zone ianally widens as the erxck extends and eventually reachesa
stemdy otate ¢rack wioth (Fig. 8 73 The scual zone mamphology amd thus, she shape of the resistance curve, depend on
the 1ransformation entenon and on the Row rule. Caleulations based oa 3 dilatatonal Jaw indicate a large tearing
madulus and 4 peak pnoe 1o steadyestate (Fig. 4.8 (Stump and Budiangky 1989)  The peak 1s most pronounced for
superentical condition when the 20ne height is large. The existence of the peak 15 not physteally obvinus but may be
tationalized by appesciating that the rising resistance curve and the steadystate resistance have a separate dependence on
the frontal zone shape evolution and are thus not uniquely connccted. The occumence of a peak fmcture resistance
votaekles with 3 peak in sone hetght. Such zone helghs peaks have been observed by cspenment (Marxhall et al, 1989,

The resistance wurves aee also dependent on the length of the viek, resulung i short vrack effects which
Slienee trenifeon steeagia (S aamp o Budiansky 198 Fagerack length<m the tanpe a <" 8hointeraction bemween
the 2ones at the opposite Crack Bps reduces the zone sisckling  The corraspondsng vanations i strength are revealed s
fag 4w,

5. MICROCRACK TOUGHENING

Buresch (1925), Hoagland et b, (1975) and Evans (1976) postulated the phenmnenon of mucroersek toughening
mare than a decade ago and indecd, 2 range of materials exhibit trends 1n toughacss with particle stze, temperture ¢,
qualitatively consistent with this mechantsm,  However, a5 vet there 15 only ane fully validated example of this
mechantym:  Al2Os toughened with monochinic 710y (Ruhle etal, 1986, 1987b). This material 15 discussed 1n
Secion 8.3, The fundamental premise concerniisg the mechanism is demicted in Fig, 5.1, Micresracks occur within
regions of tocal residual tension, caused by thermal expansion mismatch and/or by transformation tEvans and Faber
1984, Hutchinson 1987). The microcracks Jocally relieve the residual tension and thus couse a dilatation govemed by
the volume displaced by the microcrack, Furthermore, the microcracks reduce the elustic modulus within the microcrack
process zone. Consequently, the elemental stress-strain curve for a microcracking solid has the form depicted in
Fig. .1, The hysteresis dictated by this curve, when the mictocracks are activated by the passage of 3 macroceack,
vontnbutes 10 the change in toughness, as claborated below, However, this contnbntion is pantially eounteracted by a
degradation of the matenal ahead of the microcrack. The full exteat of the degradation is presently unknown,

The ¢rack shiclding can be conveniznily separated into dilatational and medulus contnbutions, The fosmer
depends on the process zone size and shope, while the latter depends only on the zone shape. The dilarari nal
vontribution has essentially the same form as Eqn. (4.2). Hutchinson 1 1487) showed that for asymptotic supercrire-al
vonditions,

oK = 032E0. VI 5.0
where Ot is now the misfit strain caused by microcracks {unalogous to jcf, in Eyn. 4,2), Following Hutchinson
tIYST) the asymptotic modulus contribution is

(1=v) &K /Ke = (k= 3)(G/G 1)+ (k, + 2)(¥G/T - v} 5.2)

where ky and ka depend on the microcracking criterion. In general, the AK¢ due :o dilatation and modulus effects are
not additive: interaction terms are involved.

Comparison between theory ard experiment has been made for the Alz03/ZrOa system (see Sect. 5.4). For this
vase, the contributions to toughening from the dilatation and the modulus are evaluated as ~ 2.5 and 5MPavm
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Fig. 5.1 The basic concepts of microcrack toughening.




respectively, compared with i measirod composite ioughness of - EMPaVm . While this comparison is reascaable
and appears 10 vallibaie microciaching a8 the prevalent toughening mechanism, it is eraphasized that present
understanding of rucroerack oughening i insomplete. in particular, (nterzction effects between the modulus and
ditatanonal conmibution 4s well sx aeaztip degeiation effects, require funher investigation, Furthermore, beoause of
the expermanal ditfieuiny involved in Cetecting micoxcrncks,” the incidence of microcrack toughening in other ceramic
avatems i5 dismiced,

e poientisily deiriroenial festure of mustoctack loughening i the incidence of thermsi microeracks  the largest
particics in th distribuiion tROhle 03l 1987hY Such cracks ean be sirengsd limiting, resuling in material thatis
telatively Grugh, 2ot fag caly mosicrsts strength, Avoldange of such strengsh limiting eracks mquites stningent consol of
the a7 diztrionion of tha minforaing panicles. jut bereath the entical soze for Uicrmal micencrxking.

S _Comtutive Liws

Thie reduzion i elastic mxivli caused by micrecracks, s weli a1 the permanent stran govermned by release of the
re<idual stress, depend upon microstructure. Charscterisiic erangtitutive Jaws are illustrited for two imporant ¢ascs
cenzisting of spherical particles aubjees w either residual tension or residua! compression, For the fontier cee, the
miceocracks cecur within the pasucie, whiic for the Iatter, the matiax develops mizrocracks 1Fig, 511 Resulis for these
¢ases have been derived (or niarerials having heinogeneous clastic propestics prior to microeracking. For pariicles
sulipect 10 resudual 1ension in which penny-shaped microcracks forms (Fig, 3.1), the volume of each cpencd microcrack
i (iutckinson 1957}

‘ av = (16RY/3)(1-V) /e | (5.3)

(Hutchunscn §987, Evans and Cannen 1956) where

of = 2EI(1-v) (5.4

. : T . , .
R 15 the particle radius ard C s the misfit strain between paruiclz and matrix. This volume incivase dictates the
pennanent Strain, such that the mutrnzrack misfit sirain becomes

9, = (16/3)(1-v)nd,/E 15.5)
where I = N {R3) is the number density of micricracked particles, with N being the number of microcracked
particles per unit volume. Solutions for the elxstic moduli of microcracked bodies establish the modulus cffect
tliurchinson 1987),

G/T = 1+(32/45) (1 =) (5 ~v)n/(1= V)
B/E = 1+(16/9) (1~ v?) n/(1-2v) 15.6)

where the bar refers 10 microcracked material, Based on the above characteristics, Hutchinson (1987) showed that the
constitutive law has the forn

*Typical residusl crack openings are < Znm.,
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For particles (n residual compression, the corresponding constitutive law depends sensitively on the response of
the interface 1o the microcrack, Foe the one material studied thus far (A120YZr03), some debonding occurs at the
wteeface (Fip. 5.1) and the basic parameters derived for the microcracks are:

8, = 3.6(uy/R) n/8’ (53
whete uy 13 the residual microcrack opening of the interface, s affecied by the debond length, o and
t =¢/R

ahere ¢ is the microcrack kength (Fig. 5.1). The above results may be used 1n conjunction with Eyn. (5.1 and t3.2) 10
predict toughening, as discussed below.

32, Toughcning Modcls

The erack up liclds and the stress intensity faciors for microcracked materials have the same gencral form
described above for transformations, However, for microcracking, it is expedient 10 separate the contributions to Kyp
from the modulus reduction and from the residual strain (Evans and Faber 1984, Hutchinson 1987), These
contributions are additive when AKyg/K is small. Otherwise, interaction cffects are involved and specific solutions
mus{ be obtained numernically (Charalambides and McMecking 1987).

JThe contribution 10 Kyip from the residual field has precisely taken the same form as that associated with
transformations, but with £ ¢} replaced by 8. This contribution thus depends on zone size and shape, as in the case of
mansiormation wughening. For example, when the microcrack nucleation condition involves a critical pomal stress, the
sieady-state shiekling is,

AK. = -0.40E OT'\/F

tip (5.92)

while for a critical mean stress,

8K, = -0.2E6.vh

up (3.9b)

(Hutchinson 1987). By contrast, the toughening imparted by the modulus reduction depenads on zone shape, but not on
zone size. The size independence arises because the “inelastic™ strain caused by the modulus reduction is itself governed
by the distance from the crack tip. Values of AK;ip/K can be obtained by simply insenting G/G and V into Eqn. (5.2).
Typical results for the steady-state shiclding are, for a critical normal stress and penny-shaped microcracks

8K /K = =ld2n (5.10)
Resistance curves in microcracking materials also have many of the same features as in transformation

toughening, with the difference that the modulus contribution has a weak influence on the tearing modulus. Numerical
simulations of resistance curves are summarized in Fig. 5.2.
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Ruhle cf 3l tI9RTH) performed mcrastrctural and microcracking studies 0n various ZTA materials wherein the
popestion of 2003 thermally transformed 10 the monoclinic phase was vaned between 14 and 7% (Fig. 3.3)
Trammisuon chectron micrawopy TTEM) studiss revealed that in these matenalz all 26O particles and Al O3 gruns ar
facctiod. that the Z:0n paniicles ane intcreryatalline and that grain boundancs and inkceface boundanies were circutyeented
I an amorphous layver (Clarke 1979). The sire distribution of the graing aad panticies have been meatured in fodi vp W
1 X8ty i thackness with the radil scparased inw dilferent nonlincar size groups ustng the vilume fraction per s1xe group
s the onfinare tFig. S 31 712 particles with radii b > 0. 3tm were found to be snonoclinie and vontained tain
AL HEN

st e tal e fin s ks wete waiiiv abaoived botween mionoslin 30 pasticies and the AR matnx
Starty g AR FRON WGt the twn planes of meArOy woamnated sl 2 850 ticavonal, thonmally indaed
wucnnchs were 3150 detected. remate 1om the macrocrack (Fig. 3.60. These were {nvanably assoctated with larger
monvaline 21O pariicles  the largest having a diamcrer of ~ THm. These cracks dominaie the strength, reaulting 10
syenpihs bocs than thdse appatent in the prodominantly teragonal material (Fig. 5.31,

Matrix microcracking causzd by the growth of macrocracks was stdied by preparing thin foils at four destances,
3. from 5 macroerack (0 5,1 5, Lamd 6tm). Radial matrix microcracks were obscrved, as exempliticd 1n Fig. 5.7,
All such radial mucrocracks occurred along grain boundariex in the AlYO5. Usually, the interface between the Al:Oy and
220 waxs debonded at the origin of the micrcrack (Fig. 5.8). The desectability of radial microcracks depended on their
inclzaa10n with fespecs 10 the 1ncomung clectron besm. Treads in the visibility of microcracks upon tlting around one
aus tFig 5.9} indicarsd it titing i all directions would be needed 1o detect cach mucrocrack present in the foul.
Howeves, ulting in the TEM 18 limited 1o 243° in all directions, $0 that only 0.3 of the solid angle i3 covered.
Therefare, the (ragina of detectable micvaeracks is limited 10 ~ 0.3,

Subizet 10 thit detectability limitation, Large regions of TEM f(ouls of known thickness have been investigated.
(ie exsanpic 15 shown in Fig. 5.10, whereis all microeracks observable under different ilung conditions are marked. It
1 notetd, 0n average, that at ledst two snictocracks emanste from each m-Zc01 panticle. In most cases, the microeracks
terminaie 1 the AlxOy grin triple junctions. The associated projecied length, 1, of cach microcrack has been measured
and related to the radius, b, of the orginating monoclinic ZrOy particle (Fig, 5.11). Additionally, the residual opening
of the microcracks, O fas keen determined at the 2603 panicle intersection, whete the opening is usually largest
1F1g. 5.12).

Thz utility of microcrack length measurements is facilitated by defining a representative geometry and
detenmmng she relazsd microcrack density parameer, Liroduced by Budiansky and O"Connell (1976):

¢ = N{ed) (5.10

wherz N 1s the number of mn:crocracks per unit volume and c is the relevant microcrack dimension. Evaluation of the
mucroceack profiles cpserved hy tilting suggests that each ZrO2 particle is circumvented by 2 radial microcrack
tF1g. 5.132), consizient with the symmetry of the residual strain field around each paniicle. The miodel depicted in
Figs. 5.13b anz 5.13c Gas thus bzen used for further analysis.
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Fig 88 Threcexamples of microcracks obicrved at twin teminations in the A1XO3/ZrO; interface,

Fig. 5.6 A TEM revealing a thermally induced microcrack at a Jarge thermally ransformed monocliniz ZrCy particle,




Fig. 5.8 A TEM micrograph showing the debonding of the interface near a microcrack.
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Fig. 59 A uldng sequence Indicating the iechaique used 10 trace microcraeks.

Fig. 5.10 A TEM micrograph with all observable macrocracks marked.
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Fig. 5.13 The microcrack model used to measure crack densities and to analyze the changes in crack volume and elastic
modulus: 1) a schematic drawing of 2 typical configuration b) the microcrack model used for analysis ¢) the
mechanics model,




An cxunple of the frequency distnbution, filidl, of projected microcrack lengihs, measured on & senes of TEM
fonls freem the material containing 77% m 71Oy 13 plotied 1n Fig. 514, The tnicrorack deasnty nay be evaliased fom
wxch 3 froquensy distribution by uiing 3 procedure devized by Budiansky and O Conncil (19761,

“Frma
¢ = (&/x) ‘[} Y (LR}

whete o 2 the fraction of microctacks detccted, The tesuliz obuined see plotid in Fig. $.13, recalling that (wo ey
vonstitute one annular craek tFig. 3,131

Several featurcs are evident from Fig. 515 The menoseack dentity dimintihes with distance from the erack
fhane | mawmum denuty C adpoent (o the eradk surface auggeits 3 saturation value, povermed by the total 20y
Nt aontent Thedevreine with diatinge ¥ isappeounncly hincar, wek that

¢ = el =yih) 112
where b ix the praxest zone with
The reswdual swrin Contndunion 10 the shivlding 13 (Kiihle ot 3l 19870),

K, » [(zls)i:i‘%’(szb);(g)]ce,vi

= (313
where g(§) u 3.65°2. The sppropriate values of the parameters in Eqn. (5.13) are: S = 1.4, 5/ = 0.03,
G = 130GPa, €5 = 0.15. Conscquently, for the material containing 77%m-2rO1 th ~ 71m), the residus)
strain seduced shiclding 15, AKy » - 2.5 2 IMPavm. The modulus reduced sh .ning depends only on K for the
compasite and on €5, With€y = 0.5 and & = 1.4, G. /G is oblained from Egn. (5.5) as 0.4, Then with
K % K¢ = 6MPavm(Fig. 5.1). the modulus shiclding s  obtained from (Eqn. 3.2)
asAKm = > S+ 2IMPavm. Simple 3ddition of the dilatational and modulus contributions would indicate
toughemng AKe = 7.5MPavm, suffizient 1o account fully for the measured toughness Ko = 6MPavm. It should
be appecciated, however, that the individual contributions to the shiclding are relatively Large and sdditivity 1 not stricily
validd. Interaction effects should be taken into aceount before more rigesous comparisons between theory and experiment
arc atternpied,

It is of interest 10 not= that, the modulus reduction and dilatationa! contnbutions to the shiclding are simular in
inagniwde. This is important because, while the former contribution cannot be readily changed (being govemned almost
cntirely by the saturation microcrack density, £¢), the dilatational contribution may be enhanced by increasing both the
process 20ne size and the microcrack density within the zone. This may be achieved by control of the m-Z:Os particle
stze disinbution, through its influence on the nucleation of the tnicrocracks.

A number of substantive problems cxist in the analysis of microcrack toughening: both experimental and
theoretical. Among the problems are = poor fundamental understanding of the degradation czused by the microcracks
directly ahead of the crack front and limited knowledge of the interactions between modulus and dilatational
cenbunions to erack shielding, as well as experimental microcrack detectability limitations in the TEM. These topics
require furtner study before authontative conclusions can be reached regarding toughening in ZTA and before
predictions of toughening trends can be contmplated.
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6. DUCTILE REINFORCEMENT TOUGHENING
6.1, Synogiis

Ductile reinforcements may profoundly increase the toughness. One contribution 10 the toughness derives from
crack tnapping (Rice 1988), another involves crack bridging (Krstic 1983, Sigl ctal, 1988, Ashby ctal, 1989,
Budiansky et 31, 1988) and yet another involves crack shiekding and plastic dissipation associated within a plastie zone
(Marshall et al, 1949). Experience and analysis have indicated that crack bridging is usually the most potent of these
tmechanismg: 2 result that can be apprecisied by realiring that the only ductile regions which experience exiensive plastic
strain (much Jarger than clastic straing) are those segments that stretch between the crack surfaces in the bridging zone.
The plastic dissipation in this 2one can be relatively lagge and provide 2 major increase in toughness.

The matenal aysiems that exhubit plasticity induced toughentag have theee distinet microstnuctures: isolated
ductile eeinforeoments, interpencirating nctworks and a continuous ductile phase. ‘The former 15 exemphified by ductile
tibers (Hing and Groves 1972, Cooper and Kelly 1971, Gerberich 1971) by Nb alloy plates in TiAl (Cao egal. 1949)
and, probably, by ferrite In the quasi-cleavage of steels (Hougland et al. 1972, Gerberich and Kurman 1983). An
cxample of an interpenctrating nctwork is Al alioy reinforced Al2O3 produced by the Lanxide method (Newkirk et al.
1986). The continuous ductile network case includes most metal matrix composites and, probably, cemented carbides
tSazin 1988). An important difference between the two former microstructures and the latter concem the potential for
plasix strain in the composite outside the bridging ligaments. Plastic strain in the former is limited by elastic straing in
the elastic netwoark (Sigl ct al. 1988) Jeading 10 bilinear seress/serain characteristics. Conversely, a composite with a
continuous metal network is subject 10 non-linear power law deformation and can experience substantial plastic saain.
Consequently, the potential for appreciable plastic dissipation within a plastic xone is much greater for the latter
micCrostructure. Atiendant differences in toughness optimization may thus exist,

‘The peedictive design of microstructures having high toughness is siill in the formative stages. Neventheless,
some impoctant indications are unequivocally provided by the beidging models. Most imporantly, deborgling seems to
be exceptionally beneficial, Additonally, small incoherent precipitates that induce hardening while maintining good
ductility are advantageous. Furthermore, large diameter reinforcements are superior. However, in practice, an optimum
reinforcement radius is expected, because of the increased probability of having relatively large hand particles that limit
ductility, as the radius increases. Limited experience indicates that this optimum size is in the range 10-100@m,
depending upon the ductility of the reinforcement.

62, Constitutive 1

Understanding of the toughness gencrated by ductile ligaments is contingent upon the law that characterizes the
stress/stretch relstion, t(u). Insights reganding the parameters that affect this relation can be gained from simplified
analytical models. Complementary numerical solutions then allow determination of specilic trends. Budiansky et al,
(1238) and Rose (1987) analyzed small-scale bridging, in which bridge length is small in refation 10 crack length,
specimen dimensions and distances from the crzck 10 the specimen boundaries. The stress/stretch relation t(u) depends
strongly o the miode of {ailure of the ductile ligaments. A small-scale yielding analysis indicates that ¢ should increase
rapidly with initia! crack opening. A Large sirain pecking analysis then reveals thar, watliout debonding, the stress attains
high initial levels because of the elastic constraint of the matrix, but should decrease as dh: crack opens and furthermore,
should depend sensitively on the work hardening rate, Thess simple results already provide the important insight that a
poak sticss exists at all crack openings, such that the plastic dissipation is dominated by the large strain (necking)
regime (Figs. 6.2, 6.3). The imponance of interface debonding thereby becomes apparent, because debonds reduce the
consinaint, but increase the plastic stretch prior to failure, Numerical solitions obtained with prescribed initial debonds




Fig. 6.1 Nondimensional stress vs. streich behaviors and associated “work of rupture™ ¢
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cstablish the salient trends (Fig. 6.3). Nowably, in the important range 0 <d/R < 2, the plastic dissipation increasés
sysiematically as &/R increases. Furthermore, if the debond evolves during crack opening, the dissipation is {urther
enhanced. The above predictions are gencrally similar to experimental measurements, which confirm Jarge stresses at
small u and increased dissipation when debonding occurs.

6, Toughening

The wughness attributed 10 bridging, based on Eqn. (1.2), can be re-cxpressed in non-dimensional form by
noting that the flow stress scales with the uniaxial yicld strength, Y, and that the plastic siretch is proportional to the
radius of cross section of the reinforcing ligaments, R: consequently (Sigl etal, 1988, Ashby ctal. 19891, the
atymplotic toughness is,

Ml YR & 61
where ¥ is a "work of rupturc” paramerer th2t depends on the critical plastic streich ue (or ductility) of the reinforcement
and on the extent of interface debonding, d. Values of X have been obtained both by calculation (Budiansky et al
1988, Sigl et al. 1988, Mataga 1989) and by experiment (Ashby et al, 1989), based on determinations of the area under
the stres/sereich curve foc the reinforcing ligaments (Fig. 6.1). For a well-bonded interface (d » 0) and for ductile
ligaments that fail by necking to a point, the resultant trend in ) with work hardening rate n (Fig. 6.2) indicates that i is
in the range 0.3 10 |, Less ductile ligaments that rupture prematurely by profuse hole nucleation have correspondingly
smaller values of . Systems subject to gdeboading exhibit larger ¢ and »pproach 6 for debond length d of order 1-2R.
Experimental results have indicated that trends in X with d are reflected in a plot of % with relative plastic stretch /R
(Fig. 6.3).

The basic non-dimensional solution (Eqn. 6.1) can be used both 10 rationalize toughness measurements and fo
develop & predictive capability. For purposes of the former, Y and n can be inferred either from a TEM charscterization
of the microstructure (Flinn et al, 1989) or from microhandness measurements (Elliott et al, 1988), while f, R, ucand d
can be determined by quantitative SEM of the fracture surface. Estimates of the ductlity can also be obtained from SEM
measurements of the plastic seretch (Flinn et al, 1989). Such studies performied for composite systems in which ductile
failure occurs by necking (Al203/Al and TIAVND) indiccie acceptable agreement between theory and experiment.

The basic characteristics of steady-state toughening by ductile bridging are given by Eqn. (6.1) with the
attendant implications for the szrength and ductility of the reinforcement and the debonding tendencies of the interface
discussed above, However, steady-state i3 preceded by a resistance curve, Calculations of resistance curves
(Budiansky et al. 1988) for a Dugdale zone irdicate trends (Fig. 6.4), but the predictions have not been verified.
Simple analysis also reveals that the slope of the resistance curve diminishes as the debond kength increases.

The contribution 1o soughness from plastic dissipation within a plasric zone is less well understood. Preliminary
calculations of plastic dissipation (Sig! et al. 1988, Charalambides and Matags 1989) establish that it is dominated by a
narrow strip near the crack plane in which the plastic strains are large. The consequences are that the dissipation
depends sensitively on those microstructural features that establish the cut-off distance. As yet, there is no clear
understanding of the appropriate choice for this cut-off. This behavior is very different from transformation toughening,
which is governed by the zone height, because the transformation strain is uniform and peescribed.
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While many bnttle materials are wughencd by a plastically deformable component. and while many cxperimenis
have been performied (n 3n atiempt to gain understanding about the ughening mechanisns (Viswanadham ctal. 1983,
Almond et al, 1986, Sarin 1988). controlled experiments have only recently been devised. The latter expenmental
oervanons, which lead 0 quantitative tnsight into imechanisms, are emphasized below.

6.4.1. Composite Cylinder Tests

A vomposite eylinder test specimen (Fig. 6.5) suitable for simulating toughening (Ashby ctal. 1939 consists
ol a concentric eylinder with an outer brittle matrix honded to a central ductile reinforcement. The xpecimen, alter
procesang, 15 ctreumicrentially notched and precracked up 1 the reinforcement Preeracking 13 sinnghtfoowand for lead
wathan a baw toughiness glass oy hinder tAhhy et al 19N, but more duficult for the relatively tough TuM raafercad
Al AbCao ctal, 19XUh)L A Rey expennxental vanable (5 the nowh geomwetry tn the victaity of the ware. Precracking
1 Gacatitated by 2 deep notch with a low flank angle which terminates elose to the wire interface. However, in onder 1o
accurately simulate the behavioe of the reinforcement in the actual composite, it 15 also impoctant thitt the matnx maintain
an sppropnate degree of elastic constraint, which places limits on the notch width and the distance between the noich tip
ami the wire interface,

Tenatle tests 0n the composite eylinders resulted in the stress/displacement curves depicted in Fig. 6.6 1Ca0 <t
al. 1949b) . For TiAl specimen containing N reinforcements (Fig. 6.6), the "work of rupture™ ) varied between 1.7
and 2.6 for different notch geometries. The difference is attributed to the incidente of 4 load drop during precracking
which invalidates the test. The result without the load drop accords well with the work of rupture, plastie stretch relation
ascentained for ductile Pb reinforcements in glass (Fig. 6.3).

‘The interfacial regions studied using a varicty of analytical and electron microscopy techniques revealed no
reaction products foe glass/Pb. The variation in debonding is related 10 contamination and to process conditions. In the
vase of TIAUND, 1 brittle reaction product foams (G phase) which controls the debonding behavior at the interface and
theeeby governs the work of rupture ).

6.4.2, Composites of Al20j reinforced with Al

Composites consisting of Al20y reinforced with an Al alloy network processed using the Lanxide method
{Newkirk ctal. 1986) investigated by TEM (Flinn et al. 1989), as well as by SEM of the fracture surface, revealed
several salient features, Bright ficld views provided information on two important charactensucs:  precipitates
{Fig. 6.72) and dislocations (Fig. 6.7b). The precipitates exhibited a bimodal size distribution. The larger precipitates
tmedian diameter ~ 100nm) contribute 10 void nucleation upon ductile fracture, The smaller precipitates {median
diameter ~ 20nm) are potent dislocation pinning sites (Fig. 6.7b). Analytical electron microscopy using X-rays (EDS)
has provided information conceming the character of the precipitates. The larger precipitates contain Cu, Si and Fe in
addition to Al with trace amounts of Cr. The smaller precipitates are predominantly Cu and Al The matnix contains
ome Mg and Si in solution, High resolution images of the interface containing lattice fringes in the Al20;3 (Fig. 6.8)
show no evidence of an interphase between the Al and Al2Oy . This latter characteristic is confinned by analytical TEM
which indjcates that the alloying/impurity elements (Cu, Mg, Si, Fe,) have concentrations essentially identical in the
interfuce region and elsewhere within the alloy.

The SEM investigations of the fracture surface have provided quantitative information about the plastic stretch
and the extent of debonding (Fig. 6.9a). Also, various modes of ductile failure have been identified, as also observea




Fig. 6.7 Beight field TEM views of the Al phase
b) Dislocations pinned by the precipitates




Fig. 6.9 2) A schemadc of the ligament cross secton after failure
b) A scanaing electron micrograph of a fracture surface with the topology of the ductile ligaments (as
evaluated by stereo microscopy) superposed: a typical failure of a ligament having circular cross section
indicating final ducule rupture by nucleation of a single hole
c) SEM of alarge precipitat= at the base of a hole




on Piiglags. Specifically, failure of axisymmetric reinforcement zoncs ofien invalves the nuclkeation of a single hole of
the ¢enizr of the neck which rapidly expands to fallure. In some instances, panicics arc spparent at the base of the holes
(Fig. 6.9b). These panticles are = 100nm in diameter and probably ceincide with the larger AVCWFe/ST peecipitates
wentified by TEM.

Stereo measurements used 10 evaluaie the plastic stretch to failure, u°, and the interface debond length, d,
revealed that the pormalired plaslic streich, u*/R varied appreciably between ligamerts, ranging from u*/R = 0.8 10 2.8,
However, there wai no systematic dependence on either the ligament dimension R or the aspect ratio, Al ligaments
have thus been used 10 provide a cumulative distribution, such that the mean stretch is u'/R = 15. The debond
leogih also has appeeciable variability and ranges between d/R = 0.1 to = 0.5, but there is no discemable dependence
on aspeet rano, The madian valueis UR = 0.2,

The companson between theory and expenment 18 most reahily achicved by re-expressing Byn. 16.1) in the
foem,
3, = fa,Rx(x'IR) 6.2)
To use this result, Gy i3 first oblained, followed by evaluation of X, using &'/ R, and A ;¢ is then examined for
consistency by comparison with the experimentally determined value of 150-200 Jm=2 (Sigl et al. 1988). The yield
strength can he evaluated by noting that Al-Cu precipitates behave a: impencirable obstacles, as evident from the
obscrved dislocation pinning (Fig. 6.7b). Consequently, thelr influence on yiclding should be represented by Orowan
hardening (Dieter 1976);

d. = Gb,l +U‘ (6.3)
where O, is the vield strength in tension, b the Burger's vector, A the spacing between precipitates and O the
contribution to the yicld strength from solution hardening by the Mg, ctc, Using literature values jor Gy (~ TOMPa ) and
inserting the precipitate spacing measured from Fig. 6.7a (A = 100nm), the yield strength is predicted to be:
O » 220MPa, This value is comparable 1o typical values quoted for Al alloys precipitation hardened with Cu, The
plastic strexch o failure, U'/R = 16 indicates that ) is in the range 2.3.5. Substituting the above values of Gy and
X into Egn. (6.2) and noting that { = 0.2 and R = 2.0m, AG, is calculated as 170-300 Jm=2, Conseguently,
there is acceprable sgreement with the measured value of 150-200 Jm=2, Such behavior is consistent with the
Interpenctrating network microstructure which limits plastic dissipation in the plastic zone,

6.4.3. Cemented Carbides

‘Two toughening mechanisms have been invoked for cemented carbide materials: dissipation in the plastic zone
and bridging behind the crack tip. Bridging ligaments have been observed directly in WC/Co (Sigl et al. 1988) and
zone sizes measured, For reasonable choices of the flow stress of the Co alloy, the contribution of bridging deduced
from these 2one sizes is found to relatively small (AGe = 40Jm°2) compared with the overall toughness
(Ge = 400Im-2),

More recendy, Marshall etal, (1989) have reported measurements of plastic zone sizes in the range
h = 40um. Furthermore, optical interference microscopy has indicated that in-plane residual strain exists in the
plastic zone, which is approximately constant over the zoae. The relationship between these strains and the plastic
dissipation in the plastic zone is not yet apparent. Nevertheless, it is reasonable (0 suppose that the dissipaton is




appreciable and may be the predominant contribution to the toughness of these materials, consisient with the rclatively
small contribution from bridging.
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7. FIBER/WIISKER REINFORCEMENT
L)._Sxnopsix

Practical ceramic matrix compaonites reinforced with continmous fidérs exhibit imponant fallurchlamage behaviors
in mexde |, mode 11 and mixed mode 1AL, as well as in cumpression. The failure sequence depends on whether the
reinforcemnent is unianial or multiaxial and whether woven o laminated architectures are used. However, the underlying
Jilure processes are illusieated by the behavior of uniaxially reinforced systems, The basic features, sketched in
Fig. 7.1, provide some basic rules that govemn “ughness.” The composite properties are known 10 be dominswed by
the Imerface, and bounds must be placed on the inierface debonding and sliding resistance in order to have 5 composite
with stmactive mechanical properties, The strng dependence of coramic matrix compuosiie properties on the mechanical
propetties of the interface generally demands consideration of fiber coatings andor reaction product fayers. Residual
areases Caused by thermal eapansion differences are alio very impontant,

‘The specific microstructunl parameicrs that govern made | failure are the relative fider/matrix interface debond
toughness, IYT, the mistit (thermal expansion) strain between fiber and marrix, ¢!, the friction coefficient 3 the
tebonded imerface, L, the statistical proamencrs that charadierize the fiber strength, Sy and m, the matrix toughness,
and the fiber volume fraction f. The prerequisits for “toughness™ is that [Ty < 1/4 in oeder 1o allow crack frons
debonding (Fig. 7.2). Subject to this requirement, the misfit sirain must be smali(e! <3 x 10'3) and preferably
negative, such that the interface is in tension. Furthermore, the friction coefficient along the debonded interface should
be small. The ideal fiber propertizs include a Mgh median sarength (large S;) and large variability (small m), as needed
10 zncourage large pull-out lengths, When I'yT'rand f are both small, experience has indicated that the tensile
stress/srain behavior illustrated in Fig. 7.3a obtains. Three features of this curve are important; maaix cracking at 3
zess G, fiber bundie failure at O and pull-out. Conversely, larger I'yTr and | cause the stress-strain curve 10 becemne
linear (Fig. 7.3b). The ultimaic strength then coincides with the propagation of a single dominant crack.

Present understanding of debonding is consistent with the {ollowing sequence of events during maerix crack
propagation. Initisl debonding along the interface at the crack front, requires that I'yT¢ be small enough %0 lie within the
debond z0ne depicted in Fig. 7.2 (He and Huwchinson 1989). Furthermore, the extent of debonding Is typicaily small
when residual compression exists at the interface, but can be extensive when the interface is in residual tension and the
fibers are smooth. Further debonding is usually induced in the crack wake (Charalambides and Evans 1989), (Fig. 7.1)
The extent of this debonding is governed largely by the residual ficld. Residual radial tension results in unsiable
conditions and encourages the extensive debonding of smooth fibers. Residual compression and/or an irregular tiber
morphology cause stable debonding (Sigl and Evans 1989), with extent cetermined by the friction coefiicient and the
roughness of the debonded interface. Subsequent {iber fracture involves the swtistics of fiber failure (Thouless and
Evans 1988), subject 10 an axial stress governed by the sliding resistunce of the debonded interface. The above
sequence suggests that, while debonding is a prerequisite {or high toughness, the peopertics of the composite are
dominated by the sliding resistance of the debonded interface, which dictate the major contribution to “toughness,”
caused by pull-out. The locations of fiber failure that govern the pull-out distributions can be determined from the
stresses on the fibers, using concepts of weakest link statistics. Analysis of this phenomenon has been performed for
composites having debonded interfaces subject 10 a constant sliding stress T (Thouless and Evans 1988). The magnitude
of T governs the load transfer from the fiber 10 the matrix. Large values of T cause the fiber stress to vary rapidly with
distance from the matrix crack and induce fiber failure close to the crack, leading to small prll-out lengths, hy.
Conversely, small Tresults in large hy,.




Various obscevations of crack intcractions with fibers are supportive of the above miles. In panticular,
expenmnts on glass and glang ceramk matrix composites reinforced with SiC fibers reveal that materials with a
C sotetlayer sansly debonding reguiesments (Fig. 7.4) and also have small Tand thus demenstrate extensive pull-out
thagshall and Evans 1983, Prewd aad Brennan 1952, Cao cral. 198%3). Conversely, composites having a continuous
$100s Lager hetween the matnx and fiber exhibit matriz crack extension theaugh the fiber without debomding (Bischof!
cral, I, Cao et al, 198%11Fig. 7.5). Expentnents on these composttes and on whisker reinforced compotites alio
wilian the strong tnflucnce of T Notably, systems which debond but do not shide readily because of cither 3 high
Tnction coclficient or morphological megularity exhibit small pull-out lengihis and moderate toughness. Such behavior
nexernphiied by LAS/SIC vomposites with oxide tnterphases and by vanous whisker reinforced materials, respectively.

Tough composites van be nbtained by vreating the uppropnax intcrrhanes between the fiber and matsix, cither
Tecualing o, ut sit, by seprepaionantenitiuson. The gt comuon appoach i 00 wse of adual wating  the wae?
Lottt satinhies the debundiogs asd airding coqunements, wiinle the anter couting? pravides PRGNS azaind the i
wuting prvesag. However, the principal challenge 15 10 sdenttfy an sance coatnp that has the requisite axchanical
praperies while also being thermodynamicatly stable in atr at clevated tempenitures. Niostexisting composites have
cither C or BN ax the debond layer. However, both matenals are prone to degradation an air at clevated emperstures,
More stable alicenatives have been proposed (e.g. Nb, Mo, Pt NIAD but not evaluated,

2 1 ve Lyws

7.2.1. Crack Opening

‘The mechanical properties of uniaxially reinforced ceramic matrix coniposites are lasgely governad by the
relanonships between the opentng of a matrix crack, u, and the stresses, 1, excried on the ¢rack by the intact bndging
fibers and the failed fibers s they pull-out, The traction 1(u) is well known for composites in which deboading octurs
casily tvary senall TyTy) which also stide easily aloag the deboaded interface (small T). For other cases, reliable (u)
funcions have yet 10 be clucidated, Easy debonding and sliding provides a crack opening function that depends oa the
stpn of the musfit stran, as well as the roughness of the deboad interface, through their effect on the sliding resistane,
For instance, sliding can be described by 3 Coulomb friction law

T o« iy, .0

where | ix the friction coefficient and ug the nominal tesiiial comsréssion normial to the interfaca, ALthe simplest Jevsl,
e 13 sct by the residual misfit strain and the fitkikeoating inorphology. such that Tis essentially invariant. In thissase,
prior 1o the incidence of fiber failure, 1 and u are related by (Marshall et al. 19RS, Budiansky ct al. 1986}

{ =

W2
2({E f‘Ef] o2

En1-HLR. (7.2)

Lixpression 17.2) has been used 1o describe the mechanical behaviors that obtain while the fibers are larsely intact. At
another extreme, when all of the fibers have failed, the traction on any fiber is (Phillips 1972, Thouless ~d Evans 1988)

t,= 2ft(h, = u)/R a3

where by is the distance from the matrix crack plane at which that fiber failed,
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Fig. 7.3 Schemat liustraung the range of stress/strain characteristics exhibited by ceramic matnx composites

Fig. 7.4 Crack front debonding in a fiber reinforced
glass mazrix composite

Fig. 7.5 A fracture surface indicating fracture thrcugh
the fiber in a silica/SiC fiber composite




More difficult pradlems to xkdress concem the Incidence and leeation of fiber farlure, This has been reparded as
a problem in weakest ink staustics (Oh and Finnie 17701, whercupon the function tul depends upon the saatiiikal
paramciens Sy and m in scdition to the variables contatned 1n Eqn. (72) The cxpressions are unwicldily and are mx
repraduced here, Sut can be Jocaied tn the artiele by Theuless and Evang (1988). Some temds, cxpressed in none
dimenvional form, are suminanzed ia Fig 7.6 The small displacerent behavior 1s dominated by the intazt badging
tikrs, whereas the Jong tatl 15 governed by the pull-aut of failed fibers,

Ancther level of complesity is involved when the interface stresd gy varies with the 1oads ton the fiber, A
stmplified result obtained using 3 mddificd shear lag approach 13igl and Evant 1989) suggests the following features
th] = By w B Vyp om Vi » Vy,

s R (et =R el ol vevprel ow .3,

whete
H T
F = Uik

with € being the misfit stratn which causes the interfade 1o be in residual compression. Expression 17.4) while
spproximate, hag several salient features. In paricular, as expecied, crack opening 15 inhibited by large values of the
fnction coefficient, Furthermore, ax F = 1V, the (iber and matnx surface separate, feading (o unresintied erack
opening. Additional complexity is involved when debonding and sliding occur simultancously. Some preliminary
results for such behavior exist, but ase not addressed here, 10 is simply noted that, in such cases, the fracture energy of
the coating becomes anather parameser of interest,

The peeceding constitutive laws are the bases for analyzing the most pertinent mechanical charactenistics of fiber
and whisker reinforeed ceramics. Most notably, derivation of the matrix cracking stress and the esack growth resistance
originates with expressions for t(u), as elaborated below.

The kocauon of fider futlure vig-a-vig the matrix erick plane 15 of enueal importance because this location govemns
the pull-out length k. Both theory (Thouless and Evans 1988) and experiment (Thouless ct al. 1989) suggest that, for
aligned reinforcements, hy is governed by weakest link statistics. For the simplest case, wherein the sliding stress €
remaing constant, an expression for the mean pull-out length has been derived as (Thouless and Evans 1988),

mel
(25,/R)" = [2x(m + DY A /R)(So/0" Tl(m + 2)Am + 1)
where I in this expression is the zamma function and Aq is a reference arca for the fibers (usually set equal 1o Im2),
Consequently, for aligned fibers, 1t is evident that hy/R is essentially governed by So/t: high fiber “svrength” and low
sliding resistance encouraye large pull-owt lengths, Corresponding trends for inchined fibers are unknown,

(2.5)

2.3, The Mairx Cracking Stress

The stress Gg at which matrix cracking occurs has been the most extensively studied behavior in ceramic matsix
composites. For composites in which the residual stress nont 2 “o the interface, qy, is tensile and the interface
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Fig. 7.6 The noa-dimensional crack closure stress as a function of crack opening
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praperites can be ffccuvely represented by an unique sliding stress. T Eqn. 17.2) may be used (o denve the lower
buund, steady-state matns cracking stress tBudiansky el 19862,

8. . 9. 0
E £ E,

where

0. [ 636,y |
* = 1EELR v Ay
S0 et tte astal fosndbeal Jtcos i the st s rosult o wdepepdant of the matnig o rak icngth Maause the
ek i fully ™ badged by iibers eMarshall ctal, 19851 Messurements perfonmied Lo many different glass and cemme
masax composites g 7.7 have venfied that Eqa. (7,62, in (3¢t provides an adequate represcntation of mains
vracking provided that T <.~ 20MPa (Cao cral. 1989a). Valuex of Tin this fange have been demonsirated for ibers
wated with either C and BN, a5 claborated below. For these systems, it s recogmzed that Tdepends on the mishit strain
and consequently, fot the wimple ease wherein T and g« are related through a fnetion coetiivient tEyn, 7.11, the mainx
veacking stress exhidils & smanimim, 0.'\@. piven by (Budiansky et al. 1986,

12

8,/E = (2/3)[20plr /() +E/E)ELR] a3

‘Mg result hiag evident smphicanions for material design.

More detaled diagnosis of matrix eracking confirms that Eqn. 17.6) 15 1 lower bound for the onsct of cracking.
Further cracking occurs as the stress is raised above G, resulting in a periodic erack aray (Fig. 7.8) (Aveston ct al.
1971). The crack spacing resches a saturation value, s, when the siress everywhere in the “matnx blocks® between
oreks becomes smatler than that applied stress. The magniiude of the saturation crack spacing 13 govemed by the
shding stress, T, such that Tand o aze selated by (Cao etal, 198941,

2 ] )1m
t= 134[(1- ' B E RY(EsY) 2.8
Consequently, the matrix cracking stresses can be expressed in terms of the crack spacing us;
172
[f Fom E,E] -
Cox= Z - =
o® < Ens 1E ™ (1.9)

The crack spacing clearly provides an approach for estimating T and for establishing a sell-consisient descnpiion of
matnx eracking, However, other methods for measuring T provide addinonal insights, as elaborated below.

While the matrix cracking stress appears to be adequately understood, the other failure mechamsms that eperate
in ceramic composites, as well as wransitions between these mechanisms and matrix eracking, are still subject to
investigation, These other effects are discussed in the following sections.
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14, Toughness

In cenain reinforced ceramics, fracture occurs by the growth of 1 single dominant Naw in mode |, Material
characteristics that lead to this mode of behavior are examined in a later section. Hercin, consideration is given 10
relationships between the toughness and the various Constituent propertics of the composite. The most basie features of
the toughness phenomenon, visualized in Fig. 7.9, recognize that there are four cffects which influence toughness
(Campbell ctal., 1989). Debanding gencrates new sutface and contributes pasitively 1o toughness. Frictional
dissipation upon pull-out results in local heating and again contributes positively. Residual stresses present in the
materiat are partially relieved by matrix cracking and debonding and thus detract from the toughness. Finally, when the
fibers fail. some of the elastic eaerey stores in the fiber is dissipated through acoustic waves and appears as 3 positive
contnbution to ughnets,

The abuve effets are iddicanive of rexistance cunve hehavior, since cach watnbution 15 only fully realized whea
the tibees farl and pulleout. 'The (ull detatls of the increase in the feacture textatance ¢an be calculated fovn the eraek
surface tractions Hu) by applying Eqn. (1.2). Results of thix type are avatlable (Hom, Shaizero and Evans 1989).
However, 2 useful simplification for further discussion is the peak (or asympeotic) toughness that obiaing when cach
echanism exens its maximal contribution, At the simplest, physically relevant level, this woughness is given by
(Campbell et al, 1949),

. e CrleTV _ 2
M » fd [S /E E(cg) +4T /R(1 !)]+2:th,,lk 17.10)
The first term Is a bridging contribution that derives from the stored strain encrgy dissipated as scoustic waves, with S
being the reinforcement “strength.” The sceond term Is the loss of residual strain energy caused by maerix crack
extension and debonding. The third term reflects the new “surface area™ caused by debonding and the last term Is the
pull-out contribution, dissipated by frictional sliding of the interfaces.

Experience indicates that the residual strain termn is small in systems of practical utility and can ofien be neglected,
The largest potential for toughness resides in the pull-out term, provided thut hy/R is large. An extreme range of pull-out
behaviors is apparent among the available range of fiber and whisker reinforced ceramics, resulting in wide variations of
toughness. Understanding pull-out thus dominates our capability for producing ceramic composites having exceptional
toughness. Finally, the clastic and debond energy terms are of intermediate magnitude. They are thus of negligible
rclevance when hy/R is large, but may dominase when there is no pull-out.

The dominance of toughness by pull-out provides a focus for specifying those properties of the fibers and fiber
coatings that optimize the frictional dissipation. For aligned reinforcements, wherein weakest link statistics govern the
pull-out length (Eqn. 7.5), it is apparent that the pull-out contribution to toughness varies as (Thouless and Evans
1988),

2 o} - .
ag, - So'"’("' )h(m N/ (m)

An explicit dependence of toughening on fiber “strength™ and sliding resistance is thus evident. Physically stated: Aigh-
fiber strength and low sliding resistance combire 10 muximize the frictional dissipation, by inducing sliding over the
lurgest possible fiber surface area. The inverse dependence of pull-out toughening on T emphasizes the need to control
and undersiand sliding. Some of the qualitative features are depicted in Fig. 7.10: illustrating the importance of the
fiber morphology, the misfit strain and the friction coefficient,
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Fig- .10 A schematic of the pull-out process foe debonded fibers indicating the roles of fiber morphology, misfit seain
and fricgion coefficient
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Fig. 7.11 Resistance curve calculated for bridging and debonding only and for pull-out. Note that, for the latter, the
crack extension needed (o achieve the asymptotic toughness is very large compared with the pull-out length,




Non-aligned fibers and whiskers cleazly suppeess pull-out by virme of bending straing in the reinforcements that
cncoursge Fracture near the matrix crack plane. Indeed, fibers having low flexural resilience, such ax $iC, tend 10 fail at
the matrix crack plane when inclined to the crack (Campbell et 3. 1989, Ruhle ctal. 1987) whereas C fibers may sull
pull-out over large distances (Prewo 1986). Fiber alignment 1ssucs assoctated with pull.out thux depend on fiber
peopertics.

Wiken fiber pull-oiat dises aot contribuse 13 1ughness, 35 in many whisker reinforced ecramics, the elastic energy
and debonding encrpy ferms kend 10 govem the fracture rezistance, such that;

) YE 4 -
3Ge » (ASY/E+4T HS/RV (1 = 1) a.ah
To tnterpect this cxprestion. 1 15 cscnsal to appreeiate that the thebond lenpth d depends on the interface fracure cacsgy
I on the misfit xuatn €8 and an the fncion coctficient. The aswarted relanonships are unknawn, hut thecasonsl
amalyns suggests that (Charalambides and Evang 19589, Stpl and Evant 1989,

2
: T ;
d/R = u[c,n(:“) /T,.S/Ee], l/u] .
where H i3 3 function. “The important point is that there remaing much scope for controtling toughness by manipulating
the interface debonding and 3liding properties and by maximizing the fibet/whisker strength,

As already noted, resistance curve effects cause the oughness wo gradually build up 1o the asymptotic values.
Consequently, the full 1oughneis cannox usually be wiilized. The toughening rate (rearing modulus) has not been broadly
studied and trends are relatively unknown, However, some numerical results for pull-out dominated 1oughness
{Fig. 7.11) indicase that asymptotic behavior is achieved only after considerable crack extension (Hom ct al 1989).

14, Ultimasg Strenigth
When matrix cracking precedes ultimate failure, the ultimate strengih coincides with fiber bundle failure
(Thouless et al. 1989). A simple estimate of this srength, based on weakest link statistics that neglect interaction effects

between failed fibers and ignores the stress supported by fractured fibers by means of stress transfer from the matrix
through interface friction gives:

{1-(-sm8""}
(m+1){1-(1-ts/R§)m} (7.13)

N
o, = iSexp |~
with

A mel m amy ™t
(RS/ts) = (A o/2%RL)(RS,/1s) {l ~(1-1s/RS) }

and L the specimen gauge length. The effect of the sliding stress on G, appears directly, as well as through its effecton
the crack spacing s, while the effect of residual stress is present through its effect on T. The ultimate strength is also
expected to be influenced by the residual siress. Specificaily, in sysiems for which the fiber is subject to residual
compression, the axial compression should suppress fiber failure and clevate the ultimate suength to a level in excess of
that predicied by Eqn. (7.12). This effect may be estimaied by regarding the matrix as clamping onto the fiber and thus,
simply superposing the residual stress onto S,




The above results are clearly implified and their improvement should be addressed by funther rescarch that
vouples the mechanics of fiber eracking and inerface sliding with the statistics of farlure.

15, Progeee Tans' o

Novi-linear macroscopic mechanical behavior in lenyeon 15 most desirable for structural purposes, Analysis of the
transition between this regime and the linear regime is thus important, and involves comparison of the basc trends in the
sicady-State matrix cracking siress. Oy and in the asymprotic fracture resistance. Q. Mo significantly, G increases
but 3 (i decreases as Tincreascs, These opposing wrends with T suggest the existence of 3n potimum T that permit good
thaene cracking resistance while still allowing high wughness.

More speeifically, 3 propeay trantition i3 cxpecicd when the natny enxcking stress attaing the siress nceded for
tiber bundic falute  Unc oatitnate 0 the peopenty transinon <an be obtained by xnply alfowing Gy 10 cxeced the
clumate steeagth, G, wherctpoa 3 soaddinenaional pacameter (5 which governs the tranution when Tis semall 1,

a = ‘Ermlsle YAT)

Specilically, when [} excecds & uritical value, brittle behavior infuates, This catimate has not been tested and
furthcrmare, altcrnate pararncicrs may be conceived,

16, Experimental Resulis
1.6.1. Stresg/Strain Behavior

Uniaxizlly reinforced ceramic and glass matnix composiies with cither Cor BN Interlayer generally satisfy crack
front debonding requitements and the maserials exhibit axial and ransverse mechanical properties that accord well with
the above expressions for the matrix crack stress and the ultimate strength (Cao et al, 1989), To achieve these
comparisons, each of the parameters in Eqns. (7.6) azd (2.12) must be independenily ascersained. As alresdy
mentioned, T can be measured using various techniques: the matrix crack spacing (Aveston ctal, 1971, Cao etal,
1989). the indentation push-theough stress (Marshall and Oliver 1987, Weihs ct al. 1988) and the matrix crack opening
hysteresis (Marshall and Evans 1985). The misfit strain €7 c¢an also be determined using a varicty of methods: X-ray
oc neutron line shifts, offset stresses in the crack opening and residual displacements obtained from nanoindenter tests,
Accurate values of the matrix fracture energy [ 3nd of the constituent clastic properties are also needed. Furthermore,
it is noted that the comparison between theory and experiment for the matrix cracking stress is contingent upon having
accurate values of the above paramcters.

Corrclations of trends in the ultimate strength are peimarily contingent upon knowledge of the in sin mechanical
properties of the fibers. Appreciation for these properties can be gained by examining and measuring fracture misroes on
the fiber fracture surfaces in the composite. Specifically, the distribution of mirror radil can be used 10 evaluase the axial
stress S on the fiber of the fracture location (Mecholsky and Pawell 1982, Jamet et al. 1984, Eckel and Bradc 1989),
Some typical results for two materials with different ultimate strength are shown in Fig. 7.12 (Cao et al. 1989).
Limited expetience has indicated that the ratio of median strengths scales with the ratio of composite ultimate strengths,

When amorphous oxide coatings have been used with SiC fibers and whiskers, debonding requirements are
marginal: TyTy = 1/2 - 1/4 (He and Hutchinson 1989, Evans etal. 1989). Consequently, fiters and whiskers
with axis normal to the matrix crack do not debond (Fig. 7.5) and thus, do not contribute to “toughness.” Acutely
inclined whiskers can debond (Fig. 7.13), but cannot pull-out,
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Fig. 712 Fiber strength distributions ascertsined on two composites (refer 0 Fig. 7.7 for the carresponding

stress/ymain curves) using fracture mirror measurerments

Fig. 7.13 Debonding of acutely inclined whiskers in a SiC whisker reinforced Al;03




Based on the above experitmental features that Cand BN coatings are cifective in ienmns of ausfying crck front
debonding and also providing 3 low sliding fesistance, whereas amorphous aukdes are incapable of debonding, it may be
ctncluded that € and BN arc the prefemred coatings, However, both of these matenals are suscepuble ta rapid oxdanon
thuh and Evans 1987 Bischoll et 2l 1989) and monily incapabls of performing thair required debonding and shding
functions 3¢ clevated emperaturcs 1n oxidizing envitonments. A varvety of edher coatings are thus under investigation.
When xuch coatings have been developed. some of the more complex erack apening amd pull-out constitutive laws
pecienicd in Scction 7.1 may be nceded 1o descnibe i mechanical propermies of the corpaite.

7.6.2. Toughness

Vanous fiber and whinsker reinforeed matenals fal i smede | by the propagation of 3 predonunant crack, with
«AINhyHAns to the Wuphaess fam the dorms exprosved sn Faqn o7 W Such Behaviog inpreatle obaaing i systoms
kg re.afirvemcnts that se enhe? non-aligend of mleqhologcallv imegular. 1 ala ovenved in alipead campaates
with high fnetion cocfficient vt thoem e al, 19X Lack of aligamient impaes bending maments antg debonded
reinfercements and reanforcement Gitlure typicaliy occurs close t the manix crack plane, whercupen there s 2 negligible
conindution of pullout 19 the toughaess.?  Morphologieatly sregular whiskers and fibers exlibit mechameal
intcriocking during puilset resulting in lacge Tand again, reinflureetment fatlute elose o the matnx crack plane. Foe
weh maenals, carcful incasucements of debond lengths usiag transmission clectron mucsoicopy have allawed an
evaluation of the pnacipul contnbuniont 10 toughacss tCampbeli cal, 19XY), Scermngly, there are anulas contnbunons
from beidging and {nterface debonding, such that reasonadle apicement exists between theory and expenment, Lood
insight regarding spproaclics for further enhancing toughness ¢an thas be gained from Eqe, (2.10),

8. MULTIPLE MECHANMISMS

The peeceding secuions have described microsiructursl issucs concerned with toughness optimization whea 3
single mechanism operates, In practike, more than one mechanism may exist. Consequently, Intcractions between
mechanisms must be considered. In some instances, the interaciions may be highly bencficial and produce syneryism
between mechanisms, Such synergism has been illustrated 1o exist when both bridging and process 2one mechanisns
operate simultancously tAmazigo and Budiansky 1989) (Fig. 1.5). Conversely, some wnteraction effects €an be
delcisrious and reduce the cfficacy of the individual mechanisms.

Synergism i most likely when bridging and process zone mechanisms interact. Multiplicative interactions are
evident in this case because the crack surface tractions caused by bridging can expand the process zone width hin the
crack wake, causing an addutionsl inercase in shiclding, proportional to this increase in h. Strasghtforward fogic
indicates that multiplicative toughening between bridging and process zone cffects should occur when the ratio of the
bridging zone size, L., 10 the process 2one width, h, is small, because bridging generates a new effective crack tip
toughness, that causes the process zone size to further increase. Calculations of coupled bridging and process xune
cffcets have been performed (Amazigo and Budiansky 1989) In the case that the bridging tractions are constant (Dugdale
zon¢). The results reveal two bounds given by:

Ke/km = 2phy, (8.13)

the synergistic limit and

¢ Chopped C fibers appear 1o be an cacepuon because their amstropy pea=.des 3 high flexural resitience,
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the lower bound, where Ap and Ay are the toughening f3ti0s foe the procens zone and brdging mechantsms,
tespectively.  Funthermare. and surprisingly, the synergitie it was found o obtan when LA S I0 Rigorous
espenmental substantizava oF syncrgiam hag et to be obuined,

The tntcractions hetween cither two bridging zone mechaniims 66 1w ptevess 20nc tneehanisms dec eclatively
unexplared. At the simplest level, two bridging mechanismz sre additive with cach Sy given by Eqn.tl.2)
However, the ¢ntical strerch u for one mechantim may be affccted by the vither, whetcupoa audstivity may not be
realized  Interactions between proveas 2onc incehantans ste imore dillicult 1o eapress, Pevause the mne szes and e
LAMUHTHANON rANC ate aotplod Preliinnary SHCHIPIY KIve BOCa 8008 1 NAIEIRD o R LITTRE HARSICRLILOA 30
micrach toughesing dbvasy and Canaoa 1956, Paber B9S85 abicht midiaale a0 124 0000hiag wan tosult o3 3%
dupmentation of toughness.

APPENDIN
THE CRYSTALLOGRAPHY GF THE € =t TRANSFORMATION IN Z:2

The ceysaal structures OF = and m1-ZrOx are shown in Fig, 1.6, Theee lattice vorrespondences 1L.Csy may arise
between the tand m polymoephs, called for convenience LC A, B or C, depending on which m anis, 4. b o e, is panatiel
13 the € axig of (-ZrOs,

The martensitic charier of the ¢ = m transformation in 2rO3 was finit suggexed by Wolten (1964), Shonly
altceward, Bailey (1963) studied this traniformation ix situ 1a the clectron microxope, using oxidized fosls of 21, and
found twinning on (100)m, (170} 3nd (T00)m plancs, 3¢ well ag direct evidence for all three lattice correspondences:
however, LC C was serongly pronounced.

Bansal and Heuer (1972, 1574) cxamined the transformation in 2O stagle cryatals by transmission elecron
tmicroscopy and X-ray precession experiments. These authors paformed a detailed analysis of the erientation
relationship between parcnt and product and also deverminad the orientations of the habit planes (the commen plane
between the tand m phascs). The obscrvations were zompared ta martensitic calculations using the phenomenological
theory of Wecksher et al, (19533, After this wixk, the martensitic nature of the t ~» 1 transfonnstion was no loager ia
doubt, Kriven etal. (1981 extended these caleulations 10 different LCs and ship systems and Chowdry and Crocker
(1984) further refined the calculations and showed discrepancics with the expenmental obsenvations of Bansal and
Heuer (1972, 1974), due 1o different values of the lattice parameters used by the two groups of investigators.
Resolution of the discrzpancy between these calculations and experimental detemmunation of the habit planes requires
more detailed habit-plane determinarions and more accurate knowledge of lattice parametess, orientanon relationships and
latuce-invariant deformation systems,

Little work has been performed 10 date on the crystallography of ZrQ3 pasticles transformed while confined
within ceramic matrices. Pocter and Heuer (1979) showed that large tZrO3 precipitates transformed above room
temperature in overaged Mg-PSZ and were invariably (winned. The twinning occurred on at least two systems:
“midrib” twins parallel 10 (100)m (i.c., parallel 10 the long axes of the lenticular -ZrO2 precipitates) and “cross™ twins
farallel 1o {110)m. The factors which govem the 1ype of twins formed on cooling such parucles in PSZ have not yet
dcen determined.




Keiven 119813 sudiad the crystatlography of twins (ommed 1n transfoaned Z:O3 panicles tn an ALO matns.
Sl £103 pastielex 1 ) S wayally contatned one sct of parallel wwing, fraquently on 13001y, The situation 1
Lasger 6> 1Hm) panticles was more complex, as different arvas of the particle contuned diffcrent marentite vaciants,
Maore revently, Kegven showed (1983 that 2 particle transformed in st 1 the HVEN trangformed vig LC € and was
miemally twinned (3cc Fiy 231 however, the twinning was incunststcat with the prediction of the phenomendlogical
nunensitic theory (Chowdn: and Crocker 19841, 11iz pot known §f thit 12 duc 10 3 farlure of the theory 6¢ 10 Iwinning
wumng afier the transfoemation,

Detatled TEM sundics of tzansformed Z:0s tacluuons in 3 mulhie 1 3 ABOL 2 81021 mateix by Bracholl s
Ruhle 119531 showed that the tamns present in large 210y parmicles reduced the transfomanonsisducad streases 36 e
patticlonans snterface aned 16 the surounding matnx by fanning Jamans of desere © However, aueansacks were
AT el WItHIA B IR FATHCTON 3] ot iy st it oo taldihiod o ot AR untato doloitigton
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ABSTRACT

Two vrhisker toughened materials have been subject to study, with the
objective of identifying the mechanism that provides the major contribution to
toughness. It is concluded that, for composites with randomly oriented whiskers,
bending failure of the whiskers obviates pull-out, whereupon the major toughening
mechanisms are the fracture energy consumed in creating the debonded interface
and the stored strain energy in the whiskers, at failure, which is dissipated as
acoustic waves. The toughening potential is thus limited. High toughness requires

extensive pull-out and hence, aligned whiskers with low fracture energy interfaces.

KEYWORDS: Ceramic, Composite, Toughness, Model, TEM




1. INTRODUCTION

The toughening of ceramics by whiskers typically includes contributions from
debonding, crack bridging, pull-out and crack deflection.1-5 It is important to
ascertain the relative roles of these contributions, because each mechanism predicts
very different dependencies of toughness upon microstructure. Crack deflection is
ostensibly governed only by whisker shape and volume fractiond: albeit that the
relative elastic moduli and thermal expansion coefficients may have implicit effects
on the deflection path. Conversely, the other contributions depend sensitively
upon the mechanical properties of the interface, the whisker strength/toughness,
the whisker radius and the volume fraction, as elaborated below.

Toughening by bridging is induced by debonding along whisker/matrix
interfaces! (Fig.1). The debonding allows the whiskers to remain intact within a
small bridging zone behind the crack.] The magnitude of the toughening involves
considerations of the debond extent and the mode of fiber failure, as well as of
residual stress effects.l.> Various attempts have been made to model the
toughening and to compare the predictions with experiment. The most
comprehensive and recent attempté established many of the salient features.
However, neither residual stress effects nor the contribution to toughness from the
energy of the debonded surfaces were included and, furthermore, explicit
determination of the debond extent was not used for comparison between
experiment and theory. The present article examines these and related issues by
further experimental investigation and by presenting a fully inclusive model in a
form that provides direct physical insight. For this purpose, crack/microstructure
interactions are investigated in two whisker-toughened systems: the Al;03/SiC

system which has interfaces subject to residual compression and SizN4/SiC with

interfaces in residual tension.




2. SOME RELEVANT MECHANICS
21 INTERFACE DEBONDING

Cracks on bimaterial interfaces are characterized by a strain energy release
rate, G, and a phase angle of loading, Y.78 The latter is a measure of the mode
mixity, such that \y = 0 refers to a pure crack opening mode and Y = 1t/2 represents
an interface crack subject to crack surface shear. Specifically, debonding along the
interface occurs when G reaches the interface fracture energy [ at the relevant phase
angle, ¥. For a matrix crack subject to modeI loading, the incidence of initial
debonding, rather than cracking into the fiber, is found to be governed by the ratio of
interface to fiber fracture energies [';/I'f and the whisker orientation (Fig.2).8 For
the present composites, values of ij/T'¢ needed to debond whiskers normal to the
crack plane should be either < 1/3 for Si3N¢/SiC or < 1/4 for Al;03/SiC. Note that
this prediction is independent of the residual stress.

Growth of the initial debond along the interface is influenced by additional
variables, such as the residual stress and the whisker radius. Debond growth is most
prevalent in the crack wake.%.10 Analysis of wake debonding for interfaces under
residual tension® indicates that debond growth in the wake occurs when the stress t

on the fiber reaches a critical value t°, given by,

t* ~ 22Ee, 4))

where Egis Young's modulus for the fiber and ey is the misfit strain. When t>t",
the debond propagates unstably up the interface.
Residual compression results in different behavior. In this case, G is strongly

influenced by the friction coefficient |1 along the previously debonded interface.10

The basic debonding features indicate that again, a threshold stress must be exceeded




before debonds can further propagate in the wake. However, for stresses in excess of
the threshold, debonding occurs gtably to an extent determined by the friction
coefficlent |1 and the residual strain, until t —+ Egeq/V (with Vv being Poisson's ratio
for the fiber), whereupon the interface separates and further debonding occurs
unstably. The debonding behavior is thus sufficiently complex that prediction of
trends with ey, [j and other material variables is unlikely to be instructive. Instead,
the preceding results may be used as the mechanics background needed to facilitate
interpretation of observed trends in debonding, as elaborated below.

22 TOUGHENING

The steady-state toughening A G, imparted by whiskers can be considered to
have four essential contributions, as elaborated in the Appendix. These
contributions can be insightfully expressed in the simple form (Fig. 3);

AG./fd = S’/E~Eel + 4T /R)/ (1~ £) + (+/d) Y (h}/R) -
}

where d is the debond length, R the fiber radius, f the volume fraction and S the
whisker “strength." The first term S2/E is simply the strain energy stored in the
whisker over the debonded length on both sides of the matrix crack, before the
whisker fails (S2/2E on either side of the crack). This strain energy dissipates as
acoustic waves and thus contributes positively to the toughening. The second term
is the residual strain energy in each composite element within the debond length, as
governed by the misfit strain e;. This strain energy is lost from the system when the
fiber fails and thus, detracts from the toughness, independently of the sign of er.
The third term is the energy needed to create the debond fracture surface, with T




being the fracture energy per unit area. This term must be positive. The last term is
the pull-out contribution, with h; being the pull-out length and T the sliding
resistance of the debonded interface. This term is again positive, because heat is
generated by the frictional sliding at the interfaces. The above result is all inclusive
and has not been specifically presented elsewhere.t Furthermore, it deviates from
certain of the other results reported in the literature for each of the individual
terms, principally in the magnitude of the constants of proportionality. It is
believed that Eqn. (2) is the simplest possible result that is also physically consistent
with the mechanisms involved.

Optimization of toughness based on these terms is discussed later. Presently,
it is noted that all contributions scale with the debond length d, indicating that large
d is desirable. However, it is also recognized that d should have a functional

dependence,

d/R = F(T',e.,S) )

where the function F has yet to be determined.
The present experimental results are examined using Eqn. (2) to assess the
various contributions to toughness, based on direct measurements of h, d, R, f.

Thereafter, implications for high toughness are discussed.

} The results are strictly applicable to reinforce:ments normal o the crack plane. Whiskers inclined to
the crack are more likely to fail by bending and thus, result in smaller pull-out toughening.




3. MATERIALS

Four basic materials have been used for the present investigation: two
whisker toughened materials and two reference matrix materials. One whisker
toughened material is a commerdal product, consisting of Al;03 toughened with
20 vol. % SiC whiskers, prepared by hot pressing”. The other toughened material
was a SiC toughened SigN¢™ containing 20 vol. % SiC whiskers, 4 wt-% Y203 as a
sintering aid and was densified by reaction bonding followed by HIPing.
Microstructural investigations were perfortned, not only for the composites, but also
for the matrices and those observations were used as reference. The AlO3 matrix
material was a hot pressed system containing 1/4 volume percent MgO, heat treated
to create the corresponding grain size. The reference SiN4™ contained 4 wt % Y20;.

The modeI toughnesses G of the four materials, evaluated using a surface
flaw technique,! are summarized in Tablel. A comparison with models requires
evaluation of the increase in toughness caused by the whiskers, AGc, which for
Al03/SiC is 40-80 Jm-2 and for Si3N4/SiC is 25-55 Jm-2 (Table I).

4. CHARACTERIZATION
4.1 MICROSTRUCTURE OF WHISKERS

Characterization of two different as-received SiC whiskers™ indicated a broad
distribution of length (Itm ... 25tm) and diameter (0.1um to 1.04m). Quite
frequently, clusters of whiskers and irregular, serrated-edged whiskers were found.

* Greenleaf, Inc.
* Norton Company
*** ARCC 'nd Tateho whiskers




The average length and diameter were 17.5um and 0.54m, respectively, for ARCO
whiskers and 11.7)im and 0.42im for Tateho whiskers.

The whiskers had a high density of planar faults lying on the close-packed
plane (basal plane) perpendicular to the long axis.12 The faults resulted in a complex
arrangement in thin lamellae of different & and B polytypes normal to the whisker

axis. Furthermore, the core region of the ARCO whiskers contained a high density
of small spherical impurity clusters and/or cavities. Haif of the Tateho whisker are
hollow. The outer skin of both types of whiskers was covered with a 2nm SiO; rich
layer as revealed by defocus imaging (Fig. 4a)13 and X-ray photoelectron spectroscopy
(Fig. 6b).14

42 MICROSTRUCTURE OF THE COMPOSITES

Thin foils of each of the materials suitable for TEM have been prepared by
mechanical polishing and dimpling followed by ion beam thinning. Transmission
electron microscope (TEM) characterization of the materials has been accomplished
using conventional, analytical and high resolution microscopy. From conventional
TEM micrographs of the SiC whisker toughened Al203 material, a matrix grain size
of ~ 1um was determined. Dark field studies!5 have indicated the presence of a thin
(< 5nm thickness) amorphous layer at the interface between the whiskers and the
matrix, consistent with previous studies. The thickness of the amorphous layer at
the whisker/matrix interface depends on the purity of the Al;03. However, even in
Al203-SiC composites processed using ultraclean materials,16 a thin (Inm-thick)
SiO; layer can be detected by TEM imaging. Spedifically, by using a range of defocus
conditions13,15 (Fig. 5), the expected contrast reversal for different signs of
defocusing can be observed. Furthermore, it is apparent that the contrast at the

interface is not caused by preferential etching. Notably, the interface between the




whiskers and the Al203 matrix in Fig. 5 is perpendicular to the edge of the foil and
no preferential etching is visible close to the amorphous region near the edge,
because the interface contrast disappears gradually in the amorphous part of the
specimen.$ Occasionally, amorphous pockets also exist at junctions between matrix
grain boundaries and the interface (Fig. 5b). However, within the resolution of dark
field and high resolution procedures (~ Inm), the matrix grain boundaries appear to
be devoid of amorphous material.

Occasionally, a whisker is completely embedded in one Al203 grain. In such
cases, strain contours become visible under dynamical TEM imaging (Fig.6). A
semi-quantitative evaluation of the strain perpendicular to the whisker diameter is
possible by calculating the scattering of modified Bloch waves!7 in the thick foil
approximation and evaluating the number and distance of contrast oscillations for
different excitation errors. The observations confirm that a homogeneous
compressive strain € occurs in the whisker, with 2:10-3 <€ <6-10-3: a result
consistent with the known thermal expansion characteristics of Al203 and SiC and a
cooling range AT = 1000°C.

Studies conducted on the Si3Ng4 reference material have revealed several
relevant microstructural features. Dark field and high resolution microscopy have
indicated that an intercrystalline phase, presumably amorphous, is present as a thin
continuous film of equilibrium thickness (Fig.7a). Grain pockets are mostly
crystalline, except for the thin, intercrystalline outer layer (Fig.70). Analytical
microscopy and diffraction studies are consistent with a-YSi207 being the
predominant crystalline grain boundary phase. The crystalline pockets are typically
50-100nm in diameter. The whisker toughened SisN4 had several different
characteristics. The whiskers are typically 100-500nm in diameter. About half of the

¥ A hole would be visible at the site of the interface for the case of preferential thinning.




whiskers are holiow, in which case they become filled by the sintering-aid phase.
This phase, which is also present at grain pockets, remains glassy upon cooling to
room temperature. Analytical microscopy indicates a relatively high SiO; content
in this phase. Presumably, the excess SiO; that prevents crystallization of this phase
is introduced by the oxide layer that preexists on the SiC whiskers. High resolution

microscopy shows that this intercrystalline phase is present as a thin film at all

SiaN4 grain boundaries and, most importantly, at the interface between the SizNy
grains and the SiC whiskers (Fig. 7¢).

Finally, in order to clarify ambiguity, it is noted that it has been occasionally
reported in the literature that no glassy phase can be observed at interfaces between
SiC whiskers and the surrounding matrix.18 A careful inspection of available
micrographs!8 suggests that the interface plane in such studies was inclined to the
electron beam, whereupon the glassy interphase would not be detected. Spedifically,
it is evident from Fig. 8 that an amorphous interface layer can only be imaged if the
foil thickness t is such that t gm . with a being the thickness of the
amorphcus foil and D the diameter of the whiskers and if the interface is parallel to
the electron beam.

42 DEBONDING AND BRIDGING

i)  Transmission Electron Microscopy

Observations of debonding and of bridging zones have been made in the
TEM. The procedure developed for studying these characteristics consists of
indenting the material, mechanically dimpling in the region of the indentation
crack tips and then ion thinning to a thickness in excess of the whisker diameter.
This procedure ensures debonding and bridging representative of plane strain crack

propagation in bulk material and avoids the anomalous crack extension and
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debonding that can occur upon thinning to less than the whisker diameter. In ocder
to use these foils to investigate near tip phenomena, it is imperative that the
specimens be subject to tilting through a large angular range, because the debond
and matrix crack opening displacements are smail and only detectable when the
electron beam is essentially aligned with the crack plane. Some typical views of the
bridge zone with schematic drawings used to highlight the salient features.

For Al203/SiC, the matrix cracks are mostly transgranular and conchoidal,
while cracks in the whiskers are planar and always parallel to the basal plane of SiC.
These distinctive fracture paths facilitate interpretation of the micrographs. The
series of micrographs and schematical drawings summarized in Fig. 9 illustrate the
salient features. locaticsis A and B refer to the crack/whisker interaction, which
include whiskers having axis either normal or indined to the crack plane. In both
cases, the whiskers are debonded and are fractured. Near the crack tip (location C), a
bridging zone with intact whiskers is apparent, with the crack tip located at the
arrow. Tilting studies have revealed the extent of debonding at the whisker/matrix
interface as illustrated in the accompanying schematic (Fig. 9d). Such observations
are typical of whiskers that exist within a bridging zone that usually extends to about
4to 6 whisker spacings. The length of the debonds is variable and ranges between
about 2R and 6R, R being the whisker radius.

For Si3N4/SiC, the same general features noted for Al;O3 are again evident, as
exemplified by Fig. 10a, wherein the debonds are between the arrows. The lengths of
these debonds; which can be measured directly from the micrograph, range from R
to 3R. Usually, ihe second whisker behind the crack tip is fractured, indicating that
thie bridging zone is very small. It is also noted that, because elongated Si3N4 grains
are present, debonding along the grain boundaries with the equiaxed matrix grains
is evident (Fig. 10b). Such debonding is exactly analogous to that occurring at

whisker interfaces. Consequently, the debonds of the whisker interface are more
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difficult to detect than in the Al;03 composite. An interesting sequence of events
can be deduced from Fig. 10c, in which the main crack is clearly visible (large white
gap). This crack propagated from the upper right to the lower left. It is surmised
that, when the crack first interacted with the whisker, the interface debonded (to a
length of about 3 whisker radii). The whisker then fractured within the debond
length and pulled out by about 20nm (the width of the gap). While being pulled
out, the whisker would be subject to bending, resulting in enhanced stresses, as
manifest in strain fringes at the corner of the whisker (arrow in Fig. 10¢).
Consequently, the whisker fractured a second time in the plane of the matrix crack.
It is also of importance to examine whisker failure. In general, whisker
fracture can either initlate at the end of the debond by kinking into the whisker,3 or
the debond cracks could remain at the interface such that the whisker fails by the
pronagation of a pre-existing flaw within the debonded length. The former mode
has been rigorously verified in several cases (Figs. 9 and 10) by extensive tilting to
confirm the absense of a debonded region beyond the location of the whisker
fracture. The latter is much more difficult to unambiguously identify and cannot be

substantiated at this juncture.

ii)  Scanning Electron Microscopy

Polished surfaces containing indentation cracks have been examined in the
scanning electron microscope. The residual crack opening allows observation of
some aspects of bridging and debonding. For the Al203/SiC, a low accelerating
voltage provides contrast between the Al203 and SiC and facilitates observation.
Within the spatial resolution of the SEM, debonds are only occasionally evident,
usually at intact inclined whiskers (Fig. 11a) remote from the crack front. Crack

surface interlocking is also evident (Fig. 11b), caused by debonding around the
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whisker ends. In some cases, whisker cracks are apparent (Fig. 11a), again at indlined
whiskeérs, with the crack often forming near the end of the debond. Measurements
of bridging zones associated with intact whiskers are not possible by direct SEM,
because of resolution litnitations. However, for Al203/SiC, use of a dilute
orthophosphoric adid etch allows dissolution of scme of the matrix, preferentiaily
around the crack (Fig. 12). Matrix removal permits both the intact (Fig. 12b) and
fractured whiskers (Fig. 12¢) to be identified, with reference to the crack front and
thus, allows measurement of the bridging zone size, L. For this composite, L is
about 3 to 4 whisker spadings.

Inspection of fracture surfaces by SEM provides complementary information
regarding pull-out as well as debonding (Fig. 13). Studies on both composites reveal
that inclined whiskers fracture on a plane rormal to the whisker axis, such that the
crack-surface is within one whisker radius of the matrix crack plane. Pull-out is

thus negligible.

5. COMPARISON BETWEEN THEORY AND EXPERIMENT

Initial comparison between theory and experiment can be achieved based on
measured values of the debond length and using Eqn. (2) for the toughness. The
relative magnitudes of the four contributions to toughness from elastic bridging,
residual strain, debond surface energy and pull-out can then be readily assessed,
using the material properties listed in TableI and using d/R = 26 for Al203 and
1-3 for SisN4 with f = 0.2 and R =~ 0.25jim for both composites. The puil-out
contribution is negligible since only a small fraction of whiskers exhibit this
phenomenon. The reduction in toughness from the residucl strain, Ee%fd, ranges

between 0.3 Jm-2 for Si3N4/SiC to 2 Jm-2 for Al203/SiC and is thus of negiigible
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importance (in part, accounting for the similar toughening levels measured for both
compoiites). The toughening contribution from t'.a ¢'astic strain energy stored in
the whiskers up to failure, S2fd/E, is dominated by the choice of whisker "strength."
The appropriate choice for S is unclear because the "gauge 'ength" is small and
because the whiskers may be subject tc degradation upon composite processing. For
initial purposes, it is assumed that S is in the range 4-8GPa,6 whereupon this
component of toughening is at most 45 Jm-2 for Al;03/8iC and 25Jm-2 for
Si3N¢/SiC. Finally, the debonding energy contribution is estimated by noting that
amorphous silicates have a fracture energy, I'i = 6 -8 Jm-2. The toughening caused
by debonding is then of order 50 Jm-2 for Al203/SiC and 25 Jm-2 for Si3Ny /SiC. The
enetgy needed to create the debond surface and the strain energy dissipated from
elastic bridging thus appear to provide similar contributions to toughness.
Furthermore, the toughness level provided by the combination of both processes is

comparable to the measured values (Table I).

6. IMPLICATIONS AND CONCLUSIONS

The preceding experiments and calculations firstly indicate that non-aligned,
inclined whiskers typically fail by bending and do not provide a pull-out
contribution to toughening.® Consequently, composites with randomly oriented
whiskers cannot normally be expected to exhibit high ioughness. Subject to this
limitation, useful toughness increases are still possible, as governed by an optimum
combination of hridging and debonding. Since residual strain is invariably

detrimental, matched thermal expansions are desirable. Enhanced debonding is also

* An exception may be graphite whiskers which can sustain very high bending strains and have
u~honded interfaces with a low sliding resistance.
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desirable, but then the relative contributions to toughness from bridging and from
the debonded surfaces requires further elaboration. The debond length is expected
to scale directly with the whisker radius, to increase with increase in S and to
depend inversely on I'; (Eqn. 3). Consequently, d/R and Ij are coupled in such a way
that the contribution to A G from the energy of the debonded surfaces is expected to
be weakly dependent on ['; and insensitive to whisker radius, but should increase as
the whisker strength increases. A corresponding assessment of the bridging
contribution yields very different conclusions. In this case, the direct dependence on
debond length suggests that this contribution should increase appreciably as either
I; decreases or the whisker radius increases and should become the dominant
contribution to toughness for small I'; and large R, provided that the “strength” S is
also high. Indeed, it is important to note that careful experimentsé indicate a
systematic dependence of AGc on R, confirming an important contribution of elastic
bridging to toughening. However, the whisker "su:ength" is not related in simple
form to the uniaxial fracture strength of the whiskers. Further research is needed to
understand the operative relationships.

The factors which govern the debond length merit brief additional
consideration. While small I'; and large S clearly enhance debonding, such
variables as residual strain, surface roughness and friction coefficient could be
important. The available calculations (Appendix) indicate that, when the non-
dimensional residual strain parameter Q (= Sv/Eflerl) is much larger than unity,
the Poisson contraction of the whisker is large compared with the misfit
displacements. Then, residual strain is unimportant: instead, the amplitude of the
roughness on the debond surface dominates debonding. Conversely, when Q <1,
residual strain effects dominate debonding in the sense that positive ey (interface
tension) enliances debonding and vice versa. Tur the present materials, the inverse

trend with residual strain (large debond lengths for Al203/SiC in which e; is
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negative) suggests that roughness effects and interface characteristics are more
important in debonding than the residual strain. Indeed, consistent with this
implication, Q is larger than unity. Whisker ro’ thness effects would thus appear to
merit further investigation.
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APPENDIX
CRACK BRIDGING AND TOUGHNESS

Several aspects of arack bridging have been addressed by analysis, particularly
the stress/crack opening relation t(u). For whiskers normal to the crack plane with
interfaces subject to residual tension, u/t is linear when the debond length is

constant and a threshold stress is nceded to achieve initial opening of the crack,
such that?

WRe, = (t/Eep) (A, + A, d/R) +2,+ 4, d/R (A1)

where A; (i = 14) are coefficient tabulated in Table II. When the whiskers fail at a
critical axial stress t = S, the change in toughness imparted by the whiskers, AG,
when d is fixed, becomes:11

ted

AG.w2f [tdu+4fT,d/(1-f)R

fS 2R{(lx"'kzd/ R)z"(E e/ S)z()‘a*‘ Ad/ R)z]
= E( 1, &/R) +4f1,d/(1- R (A2)

The first term is the contribution to toughness from elastic bridging, whereas the
second term is the contribution from the debond surface energy. When d/R>>1

and the material is elastically homogeneous, Eqn. (A2) reduces to

2
Ag. = £54.[1- (Be,/5)] + 4, w/(1-9R (A3)
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revealing that the toughness increases linearly with increase in the debond length
and diminishes as the residual strain increases. Indeed, AG. — O as Efleyl = S
because then, the whiskers fail upon cooling from the processing temperature.

For composites containing whiskers normal to the crack and with interfaces

in residual compression, t(u) is dependent on the friction coefficient as well as the
debond length. For fixed d,10

e:R = (d/R)(1+V) /v

= (1= vF)(1~2v?¢) [exp (2td¢/R) - 1]/2¢v (Ad)
where
¢ = v(-£f+ D/ [Z0+D+(Q-£)(1-2v)]

and ¥ = E¢/Em, with Ep, being the matrix modulus.
For homogeneous elastic properties, Eqn. (A4) reduces to;

LU

= ~ (1+v)d/R ~(1- vF) [exp (D) - 1]/nv
T

(A5)

where D = ud/R. The toughness for constant d is thus;!0

AG = fS'R[exp (D) -1] ll-(efE)[ (1+v)D 1I}+4f rd/(1-HR

HuE vS /lexp (D) -1~ (A6)

Furthermore, for small |, the toughness reduces to Eqn. (A3).
The above results for AG, are clearly simplifications because the debonds are
expected to extend in the crack wake and the integral should include this behavior.
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Subject to this limitation, it is apparent that, for brittle whiskers which fail at a
characteristic stress, S, the composite toughness invariably decreases with increase in
misfit strain, ey, whether tensile or compressive in sign, provided that the debond
length is independent of e;. Furthermore, when the friction coefficient is small, the

toughness is also essentially independent of the sign of the residual stress.
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TABLE 1

Properties of Materials and Constituents

Material |0(C-1x106) | E(GPa) | Gc(Jm-2 AG(Jm-2
Experiment | Theory

o

Al2O3 7.5 400 25%5

SiaNy 35 320 50 % 10

SiC 45 420 155

Amorphous

Silicate —_— 100 7%1

Interphase

Al203/8iC 420 85 15 60 + 20 ~ 80

SizNy/SIC 350 90 £ 15 40 = 15 ~30

20




TABLE 11

The Coefficients A{(i = 1,4), used in the expression for the Matrix Crack Opening:

I = EfEyq
MED
T \f G.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7
r w

0.4 k] 342 204 1.76 1.55 1.40 1.28 1.19
1.0 1.85 1.96 1.30 1.14 1.00 0.87 0.75 0.63
0.96 1.01 0.72 0.64 0.57 0.49 0.41 030

0.6 0.7

e S A
1.03 0.95
0.70 0.59

0.44 0.33
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FIGURE CAPTIONS

Fig.
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Fig.

Fig.

Fig.

Fig.

1.

2

A schematic of a bridging zone in a reinforced composite

A debond diagram: the dependency of fracture energy on elastic
mismatch and whisker orientation

A schematic representation of the four mechanisms that contribute to
toughening by whiskers

Analysis of outer layer on a Tateho SiC whisker

a) Through-focus images at the edge of a whisker (i) Af <0, (ii) Af = 0,
(iii) Af> 0. The amorphous layer is clearly visible on the infocus
image (Af ~ 0). The defocus images indicate that the density
(scattering power) of the outermost layer is less than that of SiC
(bright contrast for negative defocusing)

b) XPS spectrum (courtesy Sarin and Riihle!4)

TEM micrograph of interface between SiC whisker and Al203 matrix
(i) Af = ~96nm, (ii) Af =~ 0, (iii) Af = 96nm. The interface is parallel to
the electron beam. The contrast of the amorphous grain boundary phase
is equivalent to that of the amorphous layer at the edge of the foil.

Stress contours around whiskers: dynamical

a) Bright field and b) Dark field images. A quantitative evaluation the
matrix strain can be obtained from the number and positions of
contrast oscillations (micrograph taken by E. Bischoff)

Transmission electron microscopy study of Si3Ng materials

a) High-resolution image revealing continuous thin amorphous layer
in the matrix

b) High-resolution image of the interface of the crystalline phase at the
matrix grain pockets and a Si3N4 grain

o High-resolution image of the amorphous layer between a matrix
grain and a SiC whisker

Maximum allowed thickness, t, for imaging at amorphous layer of
thickness a




Fig. 10

Fig. 11

Fig. 12

Fig. 13.

Transmission electron microscopy studies of the crack tip region in thick

foils of Al;03/SiC. A comprehensive visualization of debonding and

cracking can only be achieved by imaging under different orientations by

extensive tilting. Consequently, to assist in summarizing the behavior, a

schematic drawing is shown in addition to one TEM micrograph of each

crack/whisker interaction:

a) Overview of crack tip region

b) Region A with schematic 3-dimnnsional drawing

o Region B with schematic 3-dimensional drawing

d) Region C bridging zone with schematic overview. The debonded
interface zones between whiskers and matrix are hatched. The
whiskers are not fractured.

a) Transmission electron micrograph of a region close to crack tip in
SiC/SiaNy4. On the micrograph, the crack enters from the lower left
and ends at the position of the uppermost arrow. Debond cracks are
between arrows along the interfaces.

b) Transmission electron micrograph of Si3N4/SiC indicating grain
boundary debonding in the matrix between an elongated grain and
equiaxed grains

d Transmission electron micrograph of a multiply-fractured whisker
well into the crack wake

Scanning electron microscope image of the crack tip region in Al203/SiC

a) Initiation of a whisker crack from the end of an inclined debond

b) Debonding around the whisker end resulting in crack surface
interlocking

SEM investigation of a crack in Al203/SiC after etching in
orthophosphoric acid

a) Overview

b) Crack tip region showing intact whiskers

Scznning electron microscope image of fracture surface of Si3Ny4/SiC

24




Oﬁ".o~=>




Relative Fracture
Energy,I; /T

\

0.5

60°
//
/

—t

o
\‘
p o
10
(o

/
77'\// / / / Debonding
] | 1
-0.5 0 0.5 1.0

Elastic Mismatch, o

Figure 2




ssaiNg
[enpisay

“camnBiy

ABiau3z ujens

N

jenpiSoy JO §S01 — > 3914-SSANS

A
saoelNg
puoqeg

- XUlep L

\
yoei)
xujeyw
f 19%SIYM SaABM Xo_an_mm_o y
21ISNOJY jeuonoliq
:pojedissiq nO-lind

ABsauz




SiC Whisker

(ii)

&

v,

) .
e .4.) .rpf‘.\.

L\. PR
PRI )




)

Counts Per Second (x 103

162

'

AN Si-0
1 1 | | 1 | | | | 1
106 104 102 100 98
Binding Energy (eV)

Figure 4b




l \«
5‘#
(“ 4-0. LA ag r

"‘-‘(’::‘ ‘w'r, oe r;,!" . .1 51

.
Iﬂr‘ .

G 3181y

A7 Soan v o

!.‘"

p,

4‘-’\' .t

(4
[

~

v




e9 21n31y




Figure 7a







e tg

. v ae i Egbewe
-

sy TR

ceaeTHEn oA PRARTY S 4 5 o,

‘ ’ -

-\--.oq.'ﬁ"’

eee ey ..-ﬂd”

R

B ETRT

P

R

P
EECTEAN AN 4 d e ks

ey -
. ewt.opeipe )

PRI S N 4.

s
- ety J
BRartariziteirL
——
# .,
.-;&; 3
o 3745

ML sory =
ww ceds]
Y] ‘
tied iaidts

e reesige ot [ HONN
- —

Vg
-




TEM of Amorphous Grain Boundary Phase
(thickness a)

a
Ll

’ [ Y
Q 3 ][ O —— Matrix S

Maximum Foil Thickness t<va+D/2
(D = fiber diameter)

Figure 8







Whisker

Crack
| 1 1 Matrix
| \ Crack
o —— —— .L....). Ay A5 VY S gy e
(HARY
h 7 LV
1% Y
Feoa Al |
/7 W EREE PP A ey
/ | \\ y T =
/ | v A ]l;:’
e 1\\ ¥y |,.‘\
y 1lv ]

Figure 9b




Figure 9¢




[ Debonds

(around
whisker)

Crack
Tip

SiC ——

Matrix
Whisker Crack

Figure 9d




RV W g

g -

Wy

200 nm

P

» N\ \.

Figure 10a




el e

Figure 10b




Figure 10c




Figure 11a Figure 11b




Figure 12b

Figure 12a




€1 aIndyy




MATERIALS

. ’,

HIGH TOUGHNESS CERAMICS

A. G. Evans

Materials Department
College of Engineering
University of California, Santa Barbara
Santa Barbara, California 93106




Materials Science and Engineering, A105}106 1988165-73

High Toughness Ceramics*

A.G.EVANS

Materials Department, College of Engineering, Universiy of Califorma, Santa Barbara, CA 9316 (U.S.A.)

{Received November 10, 1987)

Abstract

The principal microstructural sources of tough-
ening are reviewed, with emphasis on comparisons
between theory and experiment. Process Zone
mechanisms, such as transformation and micro-
cracking, as well as bridging mechanisms induced
by either ductile phases or fibers and whiskers are
afforded primary consideration. Microstructural
variubles which allow toughness optimization are
discussed.

1. Introduction

The last decade has witnessed major advances
in the development of ceramics having enhanced
toughness. All the mechanisms which provide
appreciable toughening have the common feature
that material elements at, or near, the crack sur-
faces exhibit non-linear behavior, with hysteresis,
as schematically illustrated in Fig. 1. Indesd, the
toughening can be explicitly related to the hyster-
esis, as will be elaborated for each of the impor-
tant-mechanisms. Furthermore. in most cases, the
mode of toughening results in resistance curve
characteristics (Fig. 2), wherein the fracture
resistance systematically increases with crack
extension. The individual mechanisms that have
been established include displacive transforma-
tions, microcracking, ductile phase and brittle
fiber or whisker reinforcernent. The general phil-
osophy adopted in the modelling of the toughen-
ing includes the classical concept of
homogenizing the properties of the material
around the crack and formulating a constitutive
law which then characterizes the material
response. This approach fully describes the
toughening behavior when the length of the non-

*Paper presented at the 3rd Intemmational Conference on
the Science of Hard Materials, Nassau. The Bahamas,
November 9-13, 1987.
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linear zone {Fig. 1. is appreciabiy larger than the
spacing between the microstructural - entities
which dictate the non-lineanty. as elaborated
below. Otherwise. mucrostructural nteractions
must be treated discretely.

The known mechanisms can be conveniently
considered to involve either a process zone or a
bridging zone {Fig. 3). The former category ex-
hibits a toughening fundamentally governed by a
critical stress for the onset of non-linearity (o, in
Fig. 1) and by the permanent strain induced by
the non-linear mechanism (¢, in Fig. 1). The hys-
teresis is dictated by the stress-strain behavior of
composite elements within the process zone, such
that integration over the zone gives

AG,.~2fo,Eh (

I StressiStrain 'I

%

® MARTENSITIC TRANSFORMATION
® MICROCRACKING / DEBONDING

® INTERFACIAL SLIDING

o PLASTIC DEFORMATION

}

+—€g— E—

Fig. I. A schemauc diagram illustraung non-linear hysterctic
clemental response and associations with enhanced tough-
ness.
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Fig. 3. A schematic diagram illustrating both process zone
and bridging zone mechanisms of toughening.

where AG, ;. the increase in critical strain energy
release rate, f is the volume fraction of toughen-
ing agent and h is the width of the process zone
(Fig. 3). Transformation and microcrack toughen-
ing are mechanisms of this type.

The latter category exhibits toughening
governed by hysteresis along the crack surface;

AG.=f,| o{u)du (2)

where u is the crack opening, u, the opening at
the edge of the bridging zone, o the tractions on
the crack surfaces exerted by the intact toughen-
ing agent (Fig. 3) and f, is the area fraction of
reinforcements along the crack plane. The rela-

tionship between f, and the volume fraction f
depends on reinforcement morphology, on the
residual stress and on the elastic mismatch
(through crack attraction-repulsion effects). Duc-
tile dispersions, as well as whiskers and fibers,
toughen by means of bridging tractions.

In the toughest materials, a steady state crack-
ing phenomenon has been identified, wherein the
crack extension stress becomes independent of
crack length. For such materials, the toughness is
usually non-unique and not, therefore, a useful
material parameter. [t is also noted that some of
the composite systems of interest have aniso-
tropic toughness, causing the properties to
depend on the loading axis and the mode of load-
ing. However, the central problem that must first
be resolved in order to have a successful tough
composite concerns the mode [ (tensile) crack
propagation resistance on planes normal to the
reinforcement axis. This mode of crack propaga-
tion is thus emphasized in the present paper.

2. Steady state cracking

In certain composite ceramics, matrix cracking
occurs at a constant stress [1-3). This phen-
omenon is referred to as steady state cracking.
Such behavior is most widely known in fiber-rein-
forced ceramics but is also possible in ductile-
phase-reinforced ceramics. Steady state cracking
in fiber-reinforced ceramics involves mode 1
cracks which extend normal to the fiber axis,
resulting in a crack bridged by strong reinforce-
ments (Fig. 4). An equilibrium crack opening then
develops, with the load fully supported by the
intact reinforcements. For such cases, the stress
intensity associated with matrix cracking
becomes independent of crack length. The steady
state stress depends on the response of the inter-
face and matrix to the load on the reinforcements
between the crack surfaces. For fibers which
resist opening by friction, the cracking stress is

(1-fJE.'R E,
where 7is the shear resistance of the interface, K|,
is the fracture resistance of the matrix, f is the
volume fraction of fibers, E is Young's modulus,
R is the fiber radius, gy is the-residual stress in
the matrix, and the subscripts f and m refer to the
fiber and matrix respectively. This prediction




agrees well with various experimemal results {2,
3] obtained on fiber-reinforced ceramics and
glasses.

The equivalent result for partislly debonded
fibers without friction is [3]

. --K(;E 6C’E‘ i
! E, E(l-f)zR(l"'V.)

4ﬂ0 llz( g,)—l ?L€
x 1+-——R(1_ l 1+R +E.. (4)

where [ is the debonded length, 8 is the ratio of
the debond to matrix toughness, v is Poisson's
ratio and o ={0.8/(1 — /{6 E/E{1 + v, )}
Steady state crack growth conditions exist
when the reinforcement strength $ satisfies the
inequality $> g,/ Such materials have very
desirable properties, by virtue of the associated
damage tolerance and significant non-linearity
before ultimatz failure [4, 5). The transition from
matrix cracking to toughness-controlled fracture
can sometimes be conveniently represented as a
map. For example, when frictional sliding domi-
nates the composite fracture process, imposing
$=0,/f onto eqn. (3) gives a transition condition.
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3. Transformation toughening

The stress-induced transformations which can
cause significant tougheming include martensiie
16, 7} and terroctastic (8] transformations, as well
as twimning. The lormer involves both difitational
and shear components of the  tanstormation
strain, while the Tuter wypically hiave only - shear
component. Martensitic transformation toughen-
ing in ZrO, has been most extensinely investi-
gated and will be given primary emphirsis,

At the simplest level. transtormation toughen-
my can be regarded as a process donumated by
the dilatational component of the stress-tree
strain, ' as expressed by the assoctted super-
critical® stress=strain curve. Then, on the basis of
the path independence of the J integral. initial
crack growth occurs without toughening Fig. 2.
However, on crack estension. J becomes path
dependent. and toughening develops Por steidy
state conditions, the supereriical toughenimg is
readily derived as (6. 9-11]

AG.= 2hjfadc (5)

where the integral represents the hysteresis area
depicted in Fig. 1, such that (cf. eqn.(1))

AG.=2hfo,e (6)

This steady state level is attained after crack
extensions of about 54 [9]. A directly equivalent
result for the increase AK, in critical stress
intensity factor can be derived by considering the
residual stress field created by transformation,
giving (9]

Tg 112
ak 2Ll (7

where E is the composite modulus and A = 0.22 is
a coefficient.

Comparison with experimental data (6] (Fig. 5)
has revealed that eqn. (6) consistently underesti-
mates the toughness, because shear effects and
zone widening have not been incorporated. One
hypothesis regarding the shear strain which seem-
ingly coincides with existing nbservations and
measurements involves non-associzted flow [6].

. Specifically, it is presumed that the shear stress

dominates the nucleation of the transformation,
because of the large transformation shear strain

*Supercritical refers to the condition wherein all particles
within the process zone fully transform.
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Fig. 5. A comparicon between theory and experiment for
various pantially stabilized zirconia materials: AK refers 1o a
zone shape dictated by the cquivalent siress, whereas AKX,
refers to a 2one shape governed by the mean stress.

associated with the nucleus, but that the residual
particle strain is predominantly dilatational,
because extensive twinning eliminates long-range
shear strains 12]. This premise results in the zone
profile, in plane strain, which, by virtue of the
absence of the transformed material ahead of the
crack, predicts a toughening that exceeds egn. (6)
and furthermore agrees well with experimental
data (Fig. 5). Such zone profiies are also consist-
ent with available observations [13, 14). While the
above notions offer a self-consistent explanation
of the transformation touglhening in some cases. it
is emphasized th:t alternative models of the influ-
ence of shear strains must be used to address
other transformation problems, especially twin
and ferroelastic toughening.

The zone size h represents the major micro-
structural influence on toughness. Clearly. A is
governed by 2 nucleation law [15] However. a
fully validated law for nucleation does not yet
exist, because the nucleation sequence has not
been established. Consequently, connections
between & and the microstructure still cannot be
specified. Nevertheless. certain trends are appar-
ent, based on the free energy of the fully trans-
formed product (16, 17}. Specifically. 4 invariably
decreases with increase in temperature and de-
crease in particle size. A temperature- and parti-

Dilatational
Hysteresis
(0]
O‘C—’ }
Modulus
Hysteresis
E—
E
1 6
€
. Residual
o Openin
Microcrack

Fig. 6. The basic concepts of microcreck toughening.

cle-sizc-dependent toughness is thus inévitable
for this mechanism.

Finally. it should be noted that / is not usually
unique but varies with crack extension. especially
during initial growth (9, 18, 19]. This behavior
leads to resistance curves which increase over
larger crack extension lengths than expected from
the constant-A analysis [20]. The full simulation
of this process has yet to be performed.

4. Microcrack toughening

The phenomenon of microcrack toughening
has been postulated for over a decade [21-23]
and, indeed, a range of materials exhibit trends in
toughness with particle size, temperature, etc..
qualitatively consistent with this mechanism.
However, as yet there is only one fully validated
example of this mechanism: Al.O; toughened
with monoclinic ZrQ, (24]). The fundamental
premise concerning the mechanism is depicted in
Fig. 6. Microcracks occur within regions of local
residual tension, caused by thermal expansion
mismatch or by transformation [25. 26]. The mi-
crocracks locally relieve the residual tension and
thus cause a dilatation governed by the volume




displaced by the microcrack. Furthermore, the
microcracks reduce the elastic modulus within
the microcrack process zone. Consequently, ihe
elemental stress-strain curve for a microcracking
solid has the form depicted in Fig. 6. The hyster-
esis dictated by this curve, when the microcracks
are activated by the passage of a macrocrack,
contributes to the change in toughness, as elabor-
ated below. However, this contribution is partially
counteracted by a degradation of the material
ahead of the microcrack. The full extent of the
degradation is ai present unknown.

The crack shielding can be conveniently separ-
ated into dilatational and modulus contributions.
The former depends on the process zone size and
shape, while the latter depends only on the zone
shape. The dilatational contribution AK, has
essentially the same form as eqn. (7). Noiably for
steady state supercritical conditions (24, 26,

AK,= - AEf0Th'? (3)

where 67 is the volume strain, as governed by the
microcrack shape and the prior residual tension.
The steady state modulus coniribution AK,, is
26]

(l-v)AK,,_ a4
K: (kl l)(ﬁ_l)

kot )(—”ﬁ-) (9)
[l"'V

where k,~0.017, ky= ~0.043, u is the shear
modulus, the bar refers to microcracked material
and K, is the composite toughness. The contribu-
tions AKy and AK,, are additive unless both are
large compared with K_, whereupon interaction
effects occur and numerical procedures are then
[nee]ded to détermine the change in toughness
27}

Comparison between theory and experiment
has been made for the Al,0,-Zr0, system |24},
based on the microcrack density measurements
presented in Fig. 7 {obtained using electron mi-
croscopy), and the 87 results for annular micro-
cracks with interface opening. For this case, the
contributions to toughening from the dilatation
and the modulus are evaluated as approximately
2.5and 5 MPa m'” respectively, compared with a
measured composite toughness of about 6 MPa
m'”. While this comparison is reasonable and
validates microcracking as the prevalent toughen-
ing mechanism, present understanding of micro-

69

[}
015 + -._--L—-\,...._.y
N
N
N

Crack
N
0.10 3
N

Plane

/

=4
o
&

]
/

N7
\ -
.—-—V h
N !
1 -l 1 1 2 Ny
.0 1 2 3 4 5 6 7
Distance from Crack Plane. y { um)

Microcrack Density Parameter. N<¢3>

Fig. 7. Trends in microcrack density with distance trom the
crack surface for an ALO-ZrO, material with predomi-
nantly monoclinic ZrO,.

crack toughening is nevertheless incomplete. In
particular, interaction effects between the modu-
lus and dilatational contribution, as well as near-
tip degradation effects require further in-
vestigation.

Because of the experimental difficulty involved
in detecting microcracks®, there are no other vali-
dated examples of microcrack toughening. How-
ever, it is noted that several particulate-reinforced
systems exist wherein enhanced toughness only
develops when the particulates exceed a critical
size. Microcracking is a likely contribution to the
toughening in several of these systems.

One potentially detrimental feature of micro-
crack toughening is the incidence of thermal
microcracks at the largest particles in the
distribution {24]. Such cracks can be strength
limiting, resulting in material which is relatively
tough but has only moderate strength 128). Avoid-
ance of such strength-limiting cracks requires
stringent control of the size distribution of the

_reinforcing particles, just beneath the critical size

for thermal microcracking.

Finally, it is noted that the dilatational contri-
bution to microcrack toughening would usually
be temperature dependent because of the reduc-
tion in residual stress with increase in tempera-
ture. However, the modulus contribution is
temperature invariant, at least at temperatures
beiow which the process zone size is relatively
large compared with the microcrack spacing.
Microcrack toughening is, typically, less potent
than transformation toughening.

*Typical residual crack openings are less than 2 nm.
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5. Ductile phase toughening
Practical ceramic systems toughened by ductile

phases typicaily have interpenetrating networks.

of the brittle and ductile phases. For such sys-
tems, cracks in the brittle ceramic phase are
required to intercept the ductile phase such that
the area fraction of reinforcing phase on the crack
plane is of the same order as the volume fraction.
In these materials, two sources of toughening
occur, as governed by plasticity in the ductile
phase. Segments intercepted by the crack exhibit
plastic stretching in the crack wake {29} Fig. 31
and contribute to the toughness by inhibiting
crack opening. Simultancously. plastic straining
of segments in a process zone causes crack
shielding (Fig. 3). The former mechanism has the
general characteristics that high toughness is
encouraged by a large value of the product of the
work of rupture and particle size [29]. By
contrast, the crack shielding process tends to
become larger for ductile sections having a small
size and low yield strength. An estimate of the
shielding has been derived by considering the
residual strain in the crack wake caused by plastic
distortion of ductile enclaves in an elastic matrix.
This estimate indicates that, to achieve an appre-
ciable shielding contribution to the toughness, the
yield strength Y must be less than about 10 MPa
and the ductile phase sections less than about
1 ymin diameter.

The contribution to the toughness from
stretching between crack surfaces is explicitly
governed by the stress~opening curve {eqn. (2)),
as depicted in Fig. 8, such that {29, 30]

AG,=xfYa (10)

where a is the radius of the ductile enclave and y
is a parameter which depends on the work-hard-
ening rate n, the ductility of the ductile phase and
the bonding between the ductile and brittle
phases. Calculations conducted for fully bonded,
fully ductile phases which neck to a point predict
x values of between (.5 and 3 [29] (Fig. 9). How-
ever, larger values of y are possible when limited
debonding occurs [30). The maximum y observed
by experiment is about 6. Based on this maximum
value, experimental toughness data obtained for
the Al,O;-Al system (Fig. 10) conform well with
the values predicted by eqn. (10). However, the
incidence of debonding in this system has not
been established. Further understanding of this
mode of toughening is thus predicated on a rigor-
ous assessment of interface debonding.
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Fig. 9. Trends in toughaess with hardening rate with AG,/
[Ya being equivalent to x in eqn.(10}.

Finally, it is noted that ductile particle tough-
ening should be temperature sensitive, because of
the temperature dependence of the yield strength.

6. Fiber and whisker toughening

The toughening of ceramics by brittle fibers
and/or whiskers occurs subject to debonding at
the interface. In the absence of debonding.
because the fiber and matrix typically have com-
parable toughnesses, the composite is brittle and



Fig. 10. Ductile rupture in Al,O,-Al revealing that the
aluminum fails by necking.
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Fig. 11. The role of dehonding in toughening.

satisfies 2 rule of mixtures (Fig. 11). Debonding
reduces the amplitude of the stress concentration
at the fiber along the matrix crack front and,
when sufficiently extensive, allows the crack to
circumvent the fiber, leaving the fiber intact in the
crack wake. The intact fiber inhibits crack open-
ing and allows a composite toughness exceeding
that of either constituent (Fig. 11). The over-
wheimingly important issue in fiber or whisker
toughening thus concerns the extent of debond-

7

ing. its dependence on interface properties, and
its effect on crack opening and fiber failure.

The full debonding and fiber fracture problem
has several different aspects which evenaliy
require resolution. These include the charae-
teristies of interfice acture propertios and isso-
cutted requirements for the smtiation and extent
of debonding at the matrix crack tip. is swell as the
intluence of debond length on the crach-opening
force and the refationstup between debond length
and the fiber fracture foree. While some progress
has been mide toward an understanding of these
problems. several mmportant guestions repnun.
The present status is bricfly reviewed.

The central issue to be addressed i this asticle
concerrs the made | propagation resistance tor
matrix cracks on a plane normal 1o the fiber axis.
Once this problera hias been confronted and
resolved in terms of interface debonding etc.
mixed-mode and delamination cracking effects
require resolution, in cider to describe the over-
all fracture behavior of the composite.

6.1. Initial debonding

Even though debonding at the matrix crack tip
is a prerequisite to fiber toughening. there is
minimal quantitative understanding of the
phenomenon. Two mechanics solutions have
relevance: one for forked or kinked cracks {31]
and the other for debonding ahead of a crack tip
[3}. The solution to the former clearly indicates
that debonding is a mixed-mode problem (Fig.
12). Furthermore, detonding initiates when the
interface fracture resistance is about quarter that of
the fibers. However, further debonding becomes
increasingly difficult. The extent of the difficulty
is estimated from the lawter solution, which
reveals that, in order to achieve extensive
debonding, the intesface fracture resistance
should be about an order of magnitude less than
that of the matrix (Fig. 13). Further experimental
and theoretical study of this important phen-
omenon would greatly facilitate the design of
interfaces that allow optimal debonding.

6.2. Crack opening

Preliminary results have been obtained for the
crack-opening forces associated with intzet fibers
normal to the crack plane. For the extreme condi-
tion of extensive debonding. with opening inhib-
ited by friction, a shear lag analysis |2, 3] indicates
that the initial segment is linear and represents
behavior wherein the interfacial shear stress is




\( O‘H-K,'/./F

\
1
Pt
]
[}
/
A
05
13
~ Kyt
! o
K
|
0 /R —

Fig. 12. A schematic diagram illustrating trends in focal A
with debond length.

(!n .-L

0 00‘ 0“ ﬂ 010 0.12
B|/Gm—-

Fig. 13. Teends in debond length with relative interface
(racture resistance.

less than the sliding stress v such that the stress
on the fiber end is

a-!&(il:—s)u ()

where §=E ff(1-f)E,. At larger stresses
(o> 2¢fE (1 + E)/1), the behavior is dominated by

sliding and is given by

e
a-2f(1+5)(5") ( L (12)

For debonds without friction, it is noted that a
steady state condition exists when the debond
length /> 2R, wherein the stress intensities and
strain energy release rate for the debond become
independent of /[32]. When the matrix iias the
same elastic properties, the steady state quantities
are

K . 0.11¢
———— (), 28 4
EAaATR'™ 028 EAa AT
EAaATR™ EA AT
{13
G “031- 037
ERlAa ATY EAa AT
roaofprr)

where ¢ is the stress on the fiber between the
crack surfaces, Aa is the thermal expansion mis-
match (fiber minus matrix) and AT is the cooling
range. Steady state dzbonding behavior dictates
that the crack openisig u varies linearly with
debond length, such that{32, 331

u--;-:l.ﬁ(f.IHu..(AaAT.f) (14)

where S is a function of the volume fraction f of
fibers and the modulus ratio Z and u, is an offset
al zero stress.

When fibers fail, the above functions are
clearly modified and the further opening of the
crack often occurs subject to a declining stress, as
elaborated below.

6.3. Fiber failure

The process of fiber failure is not yet under-
stood in detail. Available analyses have focused
on the problem of fracture behind the matrix
crack front, neglecting fractures which might
occur in the crack tip field. When fibers fail in the
wake, large debond lengths encourage a statistical
mode of fracture within the debond zone, as
governed by the flaw size distribution in the fiber.

The statistical mode of fiber failure leads to a
fiber failure probability which increases with




increase in distance behind the crack tip [34)
while the most probable fiber failure location dis-
places further from the crack surface. The asso-
ciated stress-displacement curves have sliding
and pull-out contributions which can be derived
in terms of the fracture properties of the fibers
and the shear resistance of the interface. For
fibers normal to the crack having a flaw strength
distribution,

Jsm ds= (si)" A8

where 3, is a scale parameter and m a shape
parameter; weakest-link statistics give the crack-
opening stresses, plotted in Fig. 14, in werms of
the non-dimensional qualities 0/ and ujvwhere,
inthix case, Z and v are defined by

[.s“ t("l+ ”]l e}
TR
(16}

- u:,r(ng)

When the fibers or whiskers are inclined to the
crack plane, additional effects occur. Clearly, the
inclination angle alffects the debond length and
the stress at fiber fracture. However, following
such fracture, crack-opening interference may
persist, because of the trajectory of the associated
fiher crack. An enhanced declining segment of
the o{ u) function may then obtain.
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Fig. 14, Stress-crack-opemng functions tor satsucal hiber
failure with {riction,

n

6.4, The toughening

Trends in toughening can be deduced from the
otu) function, using eqn. (2), However, resistance
curve and steady state cracking effects must be
considered as important related effects. Perhaps
the most straightforward case involves the
whisker:reinforced  systems, AlO,-SiC  and
Si\N,-SiC. For these materials, limited debond-
ing along an amorphous interphase, without fric-
tion, seems to contribute to the toughness.
Consequently, for aligned whiskers normal to the
crack plane, egns. 12) and (144 predict a toughen-
ing that varies linearly with debond length. The
fiber fracture condition, as well as the initial
crack-opening force, is also influenced by the
residual field. Analysis of this problem has not yet
heen conducted and. hence, trends in toughness
with residual stress ure at present unknown, Fur-
thermore, satisfactory solutions for toughness in
the presence of non-aligned whiskers, which fail
in the crack wake by bending plus tension, have
yet to be developed.

Composites which exhibit extensive debonding
and frictional sliding typically have pull-out con-
tributions 1o the toughness {34, 35). The assaci-
ated ofn) functions (Fig. 14) may simply be
integrated to predict the asymptotic toughness,
using egn. (2). Frequently, however, the mean
pull-out length exceeds the crack mouth opening
{except for very long cracks) indicating that
asymptotic behavior does not occur and, instead.
fracture is governed by a rising resistance curve,
Simulation of trends in toughness with crack
extension hus yet to be conducted.

One important feature of fiber and whisker
toughening is the absence of an obvious tempera-
ture-dependent paraineter, except for possible
temperature effects on the ebond resistance.
This toughening approach thus seems to have the
greatest potential for toughnass at elevated tem-
perature.

1. Other mechunisms

A number of ceramic materials have a contri-
bution to toughness from intact grains along the
crack surface [36]. The phenomenon is evident in
several large-grained polvcrystals, most notably
Al,O,, and in certain glass ceramics. The contri-
bution of these intact grains to toughness is for-
mally similar tG whisker toughening. However,
the corresponding ot ) law and the analogous cri-
teria which govern grain intaciness are not yet
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well understood. Nevertheless, by direct analogy
to whisker toughening, grain boundaries weak-
ened by additives have been demonstrated (37] o
encourage bridging effects and thus to enhance
toughness. The abiliiy of certain grains to remain
intact probably involves residual stresses, with
associated grain size effects |38}, perhaps coupled
with statistical variability of the grain boundary
fracture resistance.

8. Syncrgism

When bridging and process zone mechanisms
occur in conjunction, synergistic toughening
becomes possible {39, 40 The basic concept is
illustrated in Fig. 3. Specifically. the tractions
exerted on the crack surface by the intact parti-
cles can locally widen the process zone. This zone
widening, in turn, enhances the tip shielding
above the level expected in the absence of bridg-
ing. The net effect of both processes on toughness
is larger than the sum of the individual mecha-
nisms. Indeed, cases exist wherein the toughening
is multiplicative. This intriguing topic is expected
to be the subject of appreciable future research,

9. Concluding remarks

A number of substantial issues remain to be
addressed, particularly for fiber- and whisker-
toughened materials. Present evidence suggests
that coatings are needed on the fibers having a
low debond resistance and a smali subsequent
sliding resistance along the debond. The coatings
must also be thermodynamically and microstruc-
turally stable. Couatings such as BN, SiO, and
carbon have been widely used, but all have major
limitations, especialiy at elevated temperatures.
Other interphases are needed and primary atten-
tion is now being focused on the identification of
appropriate materials and fiber coating ap-
proaches. Interesting approaches include refrac-
tory metal and intermetallic coatings as well as
porous coatings.
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ABSTRACT

Finite element analysis was used to study the fracture toughening of a
ceramic by a stress induced dilatant transformation of second phase particles.
The finite element method was based on a continuum theory which
modelled the composite as subcritical material. Transient crack growth was
simulated in the finite element mesh by a nodal release technique. The
crack's remote tensile opening load was adjusted to maintain the near tip
energy release rate at the level necessary for crack advance. The
transformation zone surrourding the crack developed as the crack propagated
through the composite. Resistance curves were computed from the analysis;
and the results show that during crack advance maximum toughness is
achieved before steady-state is reached.

The toughening effect of a crack-bridging ductile phase in a brittle
material may be predicted if ligament deformation is characterized. A
plastically deforming ligament constrained by surrounding elastic matrix
material is modelled using finite elements and the relevant toughness
enhancement information extracted. Comparison is made to model
experiments as well as to toughnesses measured for technologically important
materials. The results suggest that debonding along the interface between the
ligament and the matrix may enhance the toughening effect of a ductile

phase.




INTRODUCTION

There is a critical need for light weight high strength materials,
especially for high temperature applications. Candidates for development are
ceramics and intermetallics which both have the disadvantage of brittleness
with little elongation at failure. As a substitute in such materials, it is
desirable to improve the fracture toughness so that notch and flaw sensitivity
becomes less of a problem. A common strategy for improving fracture
toughness is to make a composite material by putting whiskers, fibers or
particles into the brittle matrix. The design of optimal composite
microstructures must be based on accurate models of the mechanism of
toughening. arising from the reinforcements. This paper reviews two such
model calculations for transformation toughened and ductile particle
toughened materials.

TRANSFORMATION TOUGHENING

The fracture toughness of ceramic materials can be greatly enhanced by
the presence of particles which undergo a stress induced martensitic
transformation (Evans and Heuer [1]; Evans and Cannon [2]) such as takes
place in systems containing stabilized zirconia (ZrO2) particles. At sufficiently
high stress, the particles of such systems undergo a transformation from the
tetragonal to monoclinic phase which is accompanied by a volume increase of
4% for the particles. This dilatation strain is the mechanism which increases
the effective fracture toughness of the composite material, Since the
transformation is stress induced, a zone of material containing transformed
particles will surround the crack tip. The volume expansion of the particles

in this zone will cause eigenstresses which will tend to close the crack and




lower the stress intensity factor at the tip. This shielding mechanism means
that a higher applied load tha: otherwisé, and therefore, an apparently higher
stress intensity factor, is required to pfopagate the crack.

Transformation toughening was first modelled by McMeeking and
Evans [3] and Budiansky, Hutchinson and Lambropoulos [4]. The effect of
phase transformation was represented by the hydrostatic stress versus
dilatation strain shown in Fig. 1. At the critical stress of phase
transformation commences. If the slope B—‘ of the stress-strain curve during
transformation is below -4G/3, where G is the shear modulus, then the
transformation continues spontaneously to completion [4]. This situation has
been termed supercritical. In the model of McMeeking and Evans, the phase
transformation was supercritical and the volume increase due to
transformation was small. They obtained estimates of the R-curve, the
toughness value which rises as the crack grows. Eventually, a steady state
toughness value develops after an amount of crack growth which is about 3
transformation zone widths. Budiansky et al. [4] considered supercritical and
also subcritical materials in steady-state crack advance only. In the subcritical
case, with B > -4G/3, the phase change occurs gradually and the material can
remain stably in a state in which the particles are only partially transformed.
Budiansky et al. also accounted accurately for the perturbation of the
transformation zone size and shape due to the stresses induced by the
transformation itself. Using finite element analysis, they calculated steady
state fracture toughnesses including cases where the volume increase from

the transformation was quite large.

Stump and Budiansky (5] have recently provided a more accurate

estimate of the R-curve for a crack advancing in supercritically transforming




material. The transformation zone evolves as the crack advances and remote
load-was adjusted to maintain the stress intensity factor at the critical value at -
the crack tip. Their numerical analysis shows that maximum fracture
toughness occurs after a finite amount of crack advance, and that this
maximum can be significantly higher than the steady-state fracture toughness
which develops later. This indicates that the amount of toughening is
underestimated by the steady state value. The steady state estimate generally
underpredicts expérimental data [2] so the new predictions bring the theory
into better agreement.

The purpose of the calculations performed for this paper is to examine
the transient behavior of a crack advancing in a material which transforms
subcritically. Experimental evidence indicates that the transformation zones
surrounding a crack tip tend to be diffuse or partially transformed indicating a
subcritical transformation, Finite element analysis is used to solve the
problem of a semi-infinite crack growing in a transforming material under
Mode I loading and plane strain conditions. Crack growth in the finite
element mesh is modelled using a nodal release technique; the
transformation zone develops as the crack advances. Resistance curves are
computed for different dilatant transformation strains and the results are
compared with the steady-state analysis of Budiansky et al. [4]. A near critical
case equivalent to one done by Stump and Budiansky [5] was also analyzed for
comparison.

Constitutive Relations

In this section we describe the constitutive relations used to model

transformation toughened composites. Developed by Budiansky et al. [4], the




model assumes the transformation zone contains many particles so that an
incremental continuum description of the composite can be formulated. The
compcsite material is isotropic and consists of a linear elastic matrix
containing particles which undergo an irreversible dilatant transformation.
The particles are otherwise isotropic and linear elastic and have a volume
fraction of c.

Since the transformation is purely dilatant, the macroscopic shear
response is entirely linear elastic with modulus G, which will depend on the
composite properties of the material. Thus the deviatoric stress-strain
relationship for the composite is

O'q =2G 6'4 (1)

where ¢’ is the deviatoric part of the macroscopic stress and & is the

deviatoric part of the macroscopic strain.

The dilatant behavior of the composite is depicted in Fig. 1, and can be
represented by

On
gy =g +0 V)

where g denotes the total dilatation; o, is the hydrostatic part of the stress
equal to ox/3; B is the bulk modulus for the material; and 8 is the current
dilatation due to particle transformation in a macroscopic element of the
composite material. (Einstein summation is used on repeated indices

throughout.)

When the strain &, = of / B is exceeded, particles at the material

point change phase to some extent, and an individual particle experiences a




dilatation 8] when it transforms completely. When all of the particles at a
material point transform, the macroscopic dilatation @ is equal to &g,. Ina
material in which the elastic moduli.of the particles are identical with those
of the matrix ¢ = ¢ [4]. However, McMeeking [6] has shown that in binary
elastic composites, & differs from c by a factor which depends on the ratios of
elastic moduli. When the material is partially transformed in subcritical
materials, the incremental dilatation during loading (exx > 0) and due to

transformation is (4]
§ =(1-B /B e, 3)

when og /B+8(1-B /B)S ekk < 0s /B+&6, (1-B /B). Since the phase
transformation is irreversible, @ remains constant during unloading (e < 0)
in all cases. In the critical and supercritical case, eq. (3) is replaced by

40 | deg,=¢06,5,(5 -05/ B) @

where §, is a Dirac delta function.

For critical and supercritical behavior, a region of partially transformed
material does not exist, and 6 is discontinuous at the edge of the
transformation zone. In this situation, the governing equations are no longer

completely elliptic as they are for subcritical materials {4].

Boundary Value Problem

A boundary-layer formulation, as described by Rice [7], was used to
solve the problem of a semi-infinite crack growing in plane strain with a
small scale zone of phase transforming particles (see Fig. 2). In this
formulation it is assumed the outer boundary of the problem domain is large

compared with the transformation zone surrounding the crack tip.




Displacement boundary conditions corresponding to a Mode I linear elastic
plane strain field are applied remote to the crack tip. This displacement field
is given by the singular part of the near tip field

arp
u¢(r,9)=%a— ';—x"u:(elv) 5)

where KAPP is the Mode I elastic stress intensity factor applied remote from the
crack tip, ¥ is the displacement field, v is Possion’s ratio and # are universal
functions for mode I which can be found in any fracture mechanics text. The
coordinate system is chosen so that the origin lies at the crack tip. The x; and
x; axes are parallel and perpendicular to the crack respectively and r and 8 are
polar coordinates as shown in Fig . 2. The external load applied to the plane
strain region is then characterized by the stress intensity factor KAPP,

The material behavior described in the previous section was used to
model the transforming strain region. As shown in Fig. 2, material near the
tip transforms due to the stress concentration generated by the crack. A zone
of material which has completely transformed (6=¢ 9:) surrounds the
crack tip. This core region is incrementally linear elastic with a permanent
residual strain. Consequently, the stress field at the crack tip has a r-1/2
singularity and is characterized by a stress intensity factor KT!P, For the
subcritical case, the region of purely transformed material is surrounded by a
zone of material which is partially transformed (8 < ¢ 6}).

For a stationary crack with monotonically increasing KAPP, no
unloading occurs and the J-integral of Rice [7] is path independent(4]. The
value of J on a contour taken entirely within the fully transformed zone near

the tip is




- y? 2
J == (™) ©
On a contour completely outside the transformed zone,
J = 12(x*) ?

where E is the compositeYoung's modulus. Since J is path independent for a
stationary crack, then KAPP =KTIP, Thus, prior to any crack growth, there is no
shielding [3,4]. The crack will commence growing when K* = K° the
fracture toughness of the composite.

As the crack propagates and a wake of transformed material develops, KT/P
decreases due to shielding. To maintain crack growth, KAPP must be
continually adjusted so that KT/P equals KC, KAPP jg the affective fracture
toughness of the composite material and the R-curve is its graph versus the

amount of crack growth Aa.

Finally, all length scales in the moving crack tip problem were
normalized by L, where L is defined by

L= 9—27;[5..(_15‘}0_)_] ®)

Physically, L is the horizontal length of the nominal transformatior zone for
the stationary crack with KAPP=KC, By normalizing all lengths with respect to
L a self similar solution in terms of K€ is obtained. The solution depends on
the strength of the transformation which is characterized by the

nondimensional parameter @, where

o= liee] .




In the calculati,.  subcritical materials were considered for different values

of
Finite Elem ulati

For plane strain (&;=&,=£;=0) and in the absence of body forces, the
prindple of virtual velocities is (e = 1,2)

[0 0ygdA= L ta SiladS (10)

where A is the area domain of the plane strain problem and St is its surface
where tractions { are prescribed. § 4 is an arbitrary virtual velocity variation
which disappezrs on the surface S-St where displacements are prescribed. The
incremental form of the constitutive relation given by equations (1) and (2) is

Op=2GEg+[(B~2G | 3)E\y—~BO 15, an

for plane strain where § is the Kronecker delta.

The principle (10) can be used to formulate a finite element method.
For this purpose, we define an of the appropriate velocity field as

.. . N . -N
(u,u,F=fa]J=IN](4 J,(e]=[B](u } (12

where {u'™ } are the nodal velocities, [N] and (B] are the shape functions and

. - . T
(el=leny W) gyupstituting (12) into the virtual work principle

(10) and using the constitutive relation (11) gives the finite element equations

JUBFICIBIA A" J=[(£)INTdS+[IBI(CILE JdA

(13)




where (&7 ) are the strain rates due to transformation and (C] is the linear
elasticity matrix such that (o )=[C](¢€] when
A . oy

6=0 (lo}- (OuOp O] ) For plane strain (¢ ) conforms to

& =145, (14

The material's non-linear behavior is reflected completely in the
second term on the right hand side of equation (13). This term is the
contribution to the load vector due to § . The parameter  itself depends on
the velocity field. Therefore, (u'" } and § must be found iteratively. A
successive approximations approach is used. Given an estimate of § then
('™ ) can be computed from (13). Use of this estimate for the velocity field
provides a new estimate for.§ computed from equation (3) or (4) if it is non
zero. This process is repeated until adequate convergence is achieved. The
converged velocity field { xZN J is then used to provide an increment of
nodal displacements. The iteration pmcec.iure was started by an initial guess
of 6 =0. In the case of the critical and supercritical materials, eq. (13) should be

interpreted as representing a finite increment.

In the finite element analysis, 4-noded quadrilateral elements with four
stations for the integration of the stiffness were used (Zienkiewicz (8]). The
domain containing the crack was modelled with 2720 elements and 2860
nodes as shovn in Fig. 3. Since Mode I loading is symmetric, only the upper
half of the region. was considered. Symmetry conditions were applied directly
ahead of the crack tip (u2=0 on x2=0), while traction fre2 conditions exist at the
crack surface. Initially, the tip of the crack was located two elements to the
right of the left hand side of the finite element mesh in Fig. 3c. Displacement

boundary conditions given by (5) were applied to the outer boundary of the

1




mesh (Fig. 3a). The dimensions of the mesh were chosen so that the outer
radius was at least 100 times the transformation zone height, &, thus ensuring
small scale transformation. The refinéd mesh core was designed so the crack
could grow a distance of 10k entirely in the fine mesh.

The nodal release technique was used to simulate crack growth in the
finite element mesh. This method has been used successfully by Sham (9},
Hawk and Bassani (10), and Charalambides and McMeeking (11). The
stationary crack solution was first obtained for KAPP =KTIP uKC, Crack growth
was simulated by relaxing the nodal reaction force at the current crack tip
node in five increments. After the node was released, XTI was obtained by
calculating the T-integral close to the new crack tip. This computation was
done using 1. ss derivative method of Parks (12, 13]. Then KAPP was
adjusted in fiv ents to return KTI? to the critical value. The procedure
was repeated to . .ase the new crack tip node. As the crack grows, the crack
tip moves from node to node towards the right side of the mesh (Fig. 3d). The
boundary conditions were also adjusted to maintain the singular field origin
at the moving crack tip.

The rate of convergence for the iterative procedure depends strongly on
the type of material modelled. Subcritical material converges quite rapidly.
For the case B =0 the stationary crack solution only required eleven iterations
for the convergence of the displacement norm (the sum of u, over all the
nodes) to ‘ive significant figures. On the other hand, the critical and
supercritical cases did not converge at all. In that case the material behavior is
represented by equation (4) and the transformation zone for the stationary
crack increases steadily in size with each iteration. To overcome this

problem, the transformation behavior was modelled with equation (3) as for a

12




subcritical material but with B slightly above the critical value. This method
involves a stable transformation. The value of B can be chosen so that the
transition zone of partial transformatlon is confined to a layer of material of
thickness less than the distance between integration stations. Although the
transformation that occurs is not exactly critical, the results should be almost
the same. The reason is that the discreteness of the mesh would spread the
discontinuity which characterizes the zone boundary in the critical and
supercritical case. Even when the critical case was modelled by just subcritical
conditions with B /G=-1.3 the stationary crack solution required fifty-three

iterations for the convergence of the displacement norm to five significant

figures.

The computations were done on a Convex C1-XP2'at the University of
California, Santa Barbara. A typical finite element run with B =0 required
4000 minutes of computer time to propagate the crack through 90 elements.

Reaults for a Growing Crack

Using finite element‘amlysis, the problem of a moving crack was
solved for various material parameters. These characteristic parameters are
the transformation strength o, Possion's ratio v, and B /G. Three sets of
finite element computations were done with a=5, 10 and 15. In each set of
calculations, cases were run for B /G=0, -0.5, and -1.0 with v=03. A
calculation with @=5 and B~ /G=-1.3 was also done to compare a near critical
result with the calculations of Stump and Budiansky [5]. The two cases where
@=10 and 15 with B /G=-1.3 were not done because of the large amount of

computer time required; indeed the stationary crack solutions needed more

than 200 iterations to converge. In all the finite element cases the crack was
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propagated a distance of approximately SL. In this paper, the near critical
solution and one of the others is described. The complete set of results are
presented elsewhere (14]. -

Transformation Zones

The transformation zone for the near critical case (B /G=-1.3) with w=5
and Aa = 114L is shown in Fig. 4. In this case, the layer of partially
transformed material is very thin. Apart from this thin layer, the material
inside the zone has transformed completely. It is clear from the zone shape,
that as the crack grew, the zone first widened. After reaching a maximum
width, the zone narrowed sharply with growth and then appears to settle into
a steady state.

In this case, the maximum zone height is 1.06L and occurs after the
crack has grown a distance 3.7L. The finite element results show that the zone
reaches a steady-state height of 0.88L. The transient behavior of a crack
growing in a supercritical material has also been considered by Stump and
Budiansky [5]. For a5, their results show that the maximum zone height is
1.03L and occurs when Ag=2.4L. Their computation also predicts a steady-state
zone height of 0.89L.

Fig. 5 shows the transformation zone when B~ /G=0 and a5 after
the crack has propagated a distance 8.6L. The zone is depicted as contour plots
of the transformation dilatation 6. The dilatation is normalized by ¢ 0’; . As
expected the crack tp is surrounded by a region of fully transformed material
which in turn is surrounded by a region of partially transfcrmed material. In
this case # reaches a maximum of 0.87L after the crack has propagated a

14




distance 1.4L. The steady-state zone height predicted by the finite element
calculations is 0.81L. '

Resistance Curves

As mentioned earlier, the remote applied stress intensity factor was
varied during crack advance to maintain KC at the crack tip. The parameter
KAPP is a2 measure of the effective fracture toughness in a transformation
toughened composite and the R-curves (KAPP verses Aq) for the case when
=5 are shown in Fig. 6. As expected, in each case the transformation zone
shields the crack tip and toughening is observed. The R-curves rise to a peak
level associated with the widest part of the zone. Thereafter, the R-curve falls
as the zone narrows. The relative amount of toughening is higher for the
lower values of B because there is relatively more fully transformed material
in the wake zone. In addition, the peak toughening is more pronounced

when B is more negative.

After the crack has propagated a sufficient distance, the R-curve reaches
an asymptotic value.  This steady-state value of KAPP corresponds to the
steady-state region in the transformation zone. For comparisun, the dashed
lines in Fig. 6 denote the toughnesses predicted by the steady-state finite
element analysis of Budiansky et al. [4]. The subcritical steady-state values of
KAPP predicted by our transient finite element analysis are higher than those
of (4. For example when B =0, the steady-state toughness predicted by the
finite element analysis is 1.19KC while the analysis of Budiansky et al [4].
predicts 1.17KC€. This means that our prediction of the zone contribution is
about 10% higher. The difference is unresolved.
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The toughness for the near critical material B~ /G=-1.3 predicted by our
finite element calculation agrees well with the steady-state analysis for critical
and supercritical materials which is exact. This latter result gives us a degree
of confidence in our numerical solutions. For the near critical case (B =-1.3)
with o5, the finite element analysis predicts 2 maximum and steady-state
KAPP of 1.30KC and 1.27KC respectively. The peak in KAPP occurs when the
crack has grown a distance 5.6L. For the supercritical material, Stump and
Budiansky [5] predict values of 1.29K€ and 1.26K€ for wm=5. In their analysis,
they found that maximum KAPP occurred when Aaw5.5L.

For the subcritical material, the difference in the peak and steady-state
toughnesses are much smaller than the supércritical case. For B =0 the finite
element analysis shows that both the peak and steady-state KAPP are
indistinguishable at 1.19KC. Even for B =-1.0, the peak KAPP is only 1.27KC
compared to a steady-state value of 1.26KC,

Discussion

The finite element results presented in this paper indicate agreement
between our near critical solution and the accepted steady state toughening
estimate of previous work [3, 4, 5]. In addition, the peak toughness predicted
here by finite elements agrees with the value obtained by Stump and
Budiansky [5] by aniciher method. This gives us confidence in our numerical
results even though some of our other calculations disagree with the
est-blished solutions [4]. It is worth noting that we have achieved agreemext
v other results in the c&se in which we found cciivergence most difficult

to obtain.
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As with the work of Stump and Budiansky (5], the importance of the
transient numerical results over the previous steady state solutions is that the
predicted peaks in the R-curves are higher. Since the peak values of
toughening will determine the potential toughness of the composite material,
these higher values are significant. Since theory has so far underpredicted the
potency of the transformation toughening mechanism (2], the new results

offer the prospect of bringing theory into better agreement.

DUCTILE PHASE TOUGHENING

The addition of a dispersed ductile phase to a brittle material can lead to
significant increases in fracture resistance compareci to the untoughened
matrix material. Examples of current or potential technological significance
which have been studied are tungsten carbide reinforced with coboslt [15],
alumina reinforced with aluminum (16, 17] and a brittle titanium-aluminum
alloy reinforced with niobium [18]). The first two systems are interconnecting
networks, while in the third the niobium phase is in the form of oriented
thin disks. Successful toughening has also been observed in a model system
consisting of large aluminum particles in glass (19]. The primary mechanism
responsible for the enhanced toughnesses appears to be bridging by intact
ligaments of the ductile phase behind the advancing crack tip (Fig.7),
although other effects such as crack deflection and crack trapping by the
ductile phase also contribute. One of the aims of the modeling presented here
is to determine the extent to which bridging effects due to deformation of

ligaments can account for the observed toughness increases.
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The contribution to fracture energy from bridging has been modeled in
various contexts: examples are ligaments due to ledge formation in quasi-
cleavage of steels [20, 21] and fiber reinforcements of various kinds [22, 23, 24].
Recently, bridging models based on distributions of nonlinear springs have
been considered in some detail {25, 26]. In general, the enhancement of
steady-state (i.e. resistance curve plateau) fracture toughness of a brittle
material due to crack bridging effects may be estimated [27] if a relationship is
established between the distance of separation of the faces of a crack in the
composite and the average stress supported across the crack faces by the
bridging ligaments at that separation. Given this framework, the problem of
estimating the toughness enhancement due to the presence of a bridging
ductile phase (particulate or network) may be reduced to that of determining
the load-separation relation for a "typical" bridging ligament, whence the
fracture energy increase may be written as .

A6 =G~ Gu=f [odu ~f G

0 (15)

where Gis the fracture energy of the composite, Gm is the matrix fracture

energy, o is the nominal stress supported across a bridging ligament at stretch

u (o falling to zero at u = ¥*), and f is the volume fraction of ductile phase

(assumed to be the same as the area fraction intercepted by the crack), The

final term on the right hand side is intrcduced [26] to account for the fact that

the area of matrix fractured is reduced by the presence of a significant area
fraction of bridging phase.

This relationship may be written in a form scaled by the properties of
the bridging ligament as
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G=fo,a,w +(1-f) Ga 16)

where ag is the radius' of the ligament,l gg is the initial yield stress of the
ductile phase and w is a number defined by

The scalar w_may be interpreted as containing information about the

ja

 4(3)

Q

(17

geometric constraint experienced during the deformation of the ligament,
about strain-hardening and about the failure of the ligament. The problem
thus becomes that of determining w by obtaining the (a70p) versus (u/ag)

relation for some representative conﬁguratibn and computing the area under

the curve (Fig. 8).

The preceding formulation is well-established. However, there is a lack
of detailed modeling of the o-u relation (and hence of the bridging
contribution to toughening). Measurements of composite fracture toughness
may be employed to infer values of w via the inverted relationship

=1 I(z-v=)x*_(z-f>(1—v=.)t<:}
faal E E.

(18)

where the. energy release rates have been expressed in term of plane strain
fracture toughness and elastic properties for the matrix (Km, Em, vm) and

composite (K, E, v). Values of w inferred in this way for several systems of
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interest are displayed in Table 1.° The wide variation in w for the various

systems remains to be explained.

Some recent model experiment; on lead fibers surrounded by glass {28}
provide direct measurements of o-u relations for constrained ligaments, as
distinct from comparison to values of w inferred from toughness

measurements. The insights gained from these tests will be discussed below.

Alternatively, experimental observations of bridging zone length L
have been compared to the predictions of a cohesive zone model with an
assumed shape of the o-u relation and used to infer the peak load supported
by the ligament [26] . In one limit of this model, the bridging zone is a
constant stress (Dugdale) zone. The (Ocohesive/d0) level then required to
explain the observed toughnesses are shown in Table 2. These levels are
anomalously high in both the WC/Co and Al;03/Al materials. The predicted
failure stretches conjugate to these stress levels are shown in Table 2, and are
seen to be quite small.

jectives and Ideali lem

The work described in the present article is an initial attempt to model
numerically the behavior of a single ductile bridging particle suitably
constrained by a stiffer, elastic matrix, and to determine whether the

contribution to toughness thereby predicted via the bridging model is

* The two entries for the TiAl/Nb material represent different orientations of the

reinforcements, which in this case are disks of niobium (a0 corresponding to haif the thickness
of the disks)
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sufficient to explain experimental observations. The problems to be
considered concern the response of a single elastic/plastic particle surrounded
by a cylinder of an elastic material with a considerably higher modulus. The
cylinder is fully cracked in the equatorial plane of the particle perpendicular to

the axis of the cylinder (Fig. §) as needed to model circumstances in which the

matrix crack has left the intact particle in its wake. The numerical study 1
consists of deforming the ensemble axially (with boundary conditions
appropriate to an array of such particles) and determining the o-u
characteristics. The constraint experienced by the particle is also expected to be
similar to that experienced by a ligament which is part of a fibrous network of
ductile material, since only the region near the crack faces can deform
plastically.

The idealized model considered hereclosely corresponds to the model ’
experiments [28] , a few of the results of which are schematically shown in
Fig. 10. The first set of results (a) involve circumstances in which there was
no debonding of the lead from the glass. The second set of results (b) involve
substantial matrix cracking near the lead-glass interface adjacent to the crack
tip. Significant differences are apparent between the two sets of results. In
particular, the results of type (a) indicate an average w of about 1.6, while
those of type (b) indicate a range of values with an average of about 4.5 and an

extreme of around 6 .

i i avior

Fractographic examination of toughened composites and the model
experiments show that several distinct types of behavior may be expected for
the constrained bridging particle. Indeed, analysis of the deformation history




may be distilled into the circumstances wherein the transitions between
regimes take place. Under very low loads, the particle should be largely
elastic, with plasticity confined to a region close to the tip of the crack, which
has a blunted tip in the particle (Fig. 11a). The detailed stress fields will not be
classical elastic/plastic small-scale yielding fields, due tu the material
inhomogeneity around the tip, but should have many of the same features.
When the entire particle has yielded, one possibility is that constraint levels
remain high enough to produce a deformation field resembling a perfectly-
plastic plane strain slip-line solution [27] (Fig. 11b and Fig. 12). Under these
circumstances, the stress distribution within the particle would be expected to
be very sensitive to events at the blunt tip and would tend to involve
relatively high levels of hydrostatic stress. The load supported by the particle
would be correspondingly high (note that no effect of strain-hardening has
been included in Fig. 12).

An alternative for the fully yielded particle is that the constraint of the
stiffer surrounding matrix is relieved sufficiently by crack-tip deformation
and/or interfacial debonding or sliding to allow the bridging ligament to
begin to neck (Fig.10c). The necking process involves lower stress levels
within the particle; moreover, lower nominal stress levels o arise because of
the decreased load-bearing area. Constraint by the surrounding stiff matrix
will have a significant effect on the load history since the rate at which
necking takes place is strongly influenced. This regime must dominate the
later stages of deformation when the ligament fails in a highly ductile

manner.

In what follows the stress-strain behavior cf the ligament material has
been taken to be that of the bulk material, with incompressible, pressure-




insensitive plastic deformation assumed. The toughening effectiveness of a
ductile phase will in general be enhanced by strain-hardening or an increased
yield stress, unless an associated-lack of ductility leads to failure at
significantly decreased separation distance. Any increase in op will lead to a
proportionate decrease in the inferred value of w (Table II) and in the
constraint factors emerging from the analysis of Ref, [26] (Table III) which
employed properties appropriate to pure bulk materials. For instance,
microstructural studies of the Al phase in the Al203/Al material [29] suggest
that dispersion strengthening might significantly raise the yield stress of the
ligaments, perhaps by as much 2s a factor of three, although no quantitative
hardness data is available.. (Note, though, that the yield stress used to
compute w for the model experiments of Ref. {28] was measured from a batch

of identical but unconstrained lead wires.)

It is initially assurned that the interfacial bond is strong enough that no
debonding takes place. However, under circumstances where the particle
remains highly constrained for a significant portion of its history, features
near th2 crack tip may control stresses throughout the particle. Should this be
the case, small scale events such as debonding of the interface near the tip
affect the load history of the ligament in the early stages of deformation. In
general, debonding will tend to lower constraint levels and hence lead to
lower peak loads. However, the influence of debonding on the necking
regime is also very strong, since the dimensions of the necking ligament are
thereby determined. Debonds which are significant fractions of the ligament
radius in extent are observed both in model experiments [28] and in detailed
fractographic examination of the Al;03/Al material [29] .

[ ]




Interaction between bridging ligaments is likely to be an important
effect when the volume fraction of ductile phase is significant. The cylinder
model employed here incorporates this interaction to lowest order by having
an outer radius to the matrix jacket which reflects the volume fraction, and
appropriate “unit cell" boundary conditions: straight but unconstrained
boundaries. Again, with a stiff matrix, these effects are small.

Numerical Modeling

The numerical modeling of this problem was impletnented using the
finite element package ABAQUS [30], again on a CONVEX C1-XP2. The unit
cell of Fig. 9 was discretized and analyzed for both the axisymmaetric geometry
and the corresponding plane strain problem. The computations employed a
finite strain formulation in order to account for geometry changes, with
elastic behavior assumed for the matrix and Ja-flow theory elastic/plastic
behavior for the ductile phase. The upper boundary of the unit cell was
extended gradually in order to generate g-u curves for the ligament.
Separation u is measured as the axial displacement of the matrix point at the
tip of the crack, while & is computed from the total force exerted on the upper
boundary, normalized by the original ligament area.

Constrained Regime

The aim at the outset was to describe the initias . _  and also the
necking regime as far as possible. However, serious difficulty was
encountered in extending the o-u curves to large 4. Indeed, the results never
extend into a regime of clearly decreasing total load on the ligament. This
failure is attributed to the characteristics of the deformation in the crack
tip/interface region (inset in Fig. 9). This iz discussed later on in this section.
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To produce results relevant to larger stretches, a blunt tip of finite
initial radius was included, and the results for different radii compared for
consistency.

The majority of the results were obtained for material parameters
characteristic of the (bulk) properties of Al;03 and Al : the matrix Young's
modulus is six times larger than that of the inclusion; the inclusion initial
yield stress is 1/1000 of its Young's modulus and the material strain-hardens

with an exponent of n=0.2 until the flow stress saturates at three timaes initial
yield.

Typical o-u curves for these material parameters is shown in Fig. 13 .
The small-scale yielding regime exists only for nominal stress levels of
(o/op) < 1, corresponding to openings u which are extremely small. The
growth of the plastic zone is rather more rapid than for a similar
homogeneous small-scale yielding preblem, due to the shear induced at the
interface. The particle is fully plastic at (o/gg) = 4. The constrained fully
plastic regime appears to produce a peak stress level (ofop) = 6 , by which time
a macroscopic softening due to the ox;set of necking has begun, even though
all of the material in the particle is still slowly strain-hardening. Fig. 13 also
includes results in which no strain-hardening is incorporated. The constraint

magnification factor is seen to be similar in either case.

However, a typical failure stretch, whether observed experimentally or
predicted an the basis of necking calculations, corresponds to (u/ag) on the
order of 1 when failure occurs by necking to a point. The results displayed
here thus cover only a tiny range of the expected total load-displacement
relation for the ligament.




The solid curve in Fig. 13 was generated using an initial tip radius r
such that (r/ag) = 0.05. Even when this rather large initial radius is used, the
computations fail at a small stretch. The results suggest that necking becomaes
important rather rapidly, although additional results obtained using smaller
initial radii (dashed curves in Fig. 13) indicate that the characteristics described
above may be sensitive to the choice of initial tip radius.

A comparison to some analogous plane strain results is displayed in
Fig. 14. With the given normalization, the results are seen to be similar, as
are the limiting stretches achievable by the computation.

In an effort to improve the solution, a number of variants of the
computations were carried out. Differing degrees of strain-hardenitiz and
material descriptions were employed to investigate the possibility of flow
localization. Differing degrees and natures of near-tip mesh refinement and
focusing were also investigatad. The numerical problems encounterad,
however, appear to be independent of the details of material behavior and of
the extent and nature of near-tip/interface discretization. Currently, interest
is focused on the near-tip fields themselves.

Near-Tip Deformation

The breakdown of the numerical solution is exacerbated by the intense
and non-uniform deformation in the tip-interface region. A sample
deformed mesh in that region (for a rather crude mesh) is shown in Fig. 15.

The reason for this deformation may be seen from the fact that that the
large-scale deformation of the ligament material is essentially volume-

conserving. The behavior is exemplified by considering the volume




contained in that part of the stretched ligament which extends below its
original midplane (Fig. 16). This volume must be accounted for by the “void
space” contained in the blunting craek-tip. If a small amount of necking 4r
has occurred, but large enough that elastic volume changes are not important,
the volume to be accounted for is of order xap2u. The corresponding volume
of the toroidal "void” is of order xagdrdh. Volume conservation then
requires that
S S
u 4 (19)
That is, a small crack-tip “"void” is driven in a direction normal to the
cack plane more rapidly than the opening rate of the tip itself. Without
debonding or sliding, the constraint of the stiff surrounding matrix produces
intense shear deformation. When no debonding occurs, this pattern of
deformation leads to a "hollowing out” of the ductile phase near the matrix
crack tip. Such behavior is observed experimentally.

This type of constrained interfacial flow is encountered frequently in
problems involving a composite of a brittle and a ductile material. As a
prototype problem which may shed some light on the difficulties encountered
here, consider plane strain deformation near the intersection of a free surface
with an interface between an elastic material and a rigid/perfectly-plastic
(Mises) :naterial (Fig. 17). The asymptotic solutions are very similar to those
encountered in homogeneous plastic crack and notch problems, as is sk~tched
briefly below.

Searching for solutions with bounded stresses in the yielded plastic
sector P means that asymptotically




o= o(8) (20)

and the governing equations reduce to
O, =0y~ G

Oy =—20, (21)
where a prime denotes a derivative with respect tor.
The yield condition in P is

4= 40} +(0p — &) @)

where g is the yleld stress in shear of the plastic material. Differentiation of
(22) with substitution from (21) yields
O (0, +40,)=0 (23)

Solution and more substitution shows that the two types of solution to
(23) are

O, =1t }(fﬂ n)
O = Gr = dn(ec) 125(80'6) (24a)
or
G, +0,, = constant
Oy0y =12 1 sin2 (8 _6.)}(constant state) )

where 69 and 8’ are arbitrary angles. These are the familiar singular fan and
rigid constant state region, respectively, of slipline plasticty.

The asymplotic stresses in the elastic sector are determined by the
traction stresses on the interface, since the homogeneous solutions are less
singular than r0 in a non-reentrant wedge (31].




The only way to arrange the plastic sectors in a fully yielded plastic
quarter-space is in the sequence shown in Fig. 18, where the fan is possibly of
vanishing extent. Traction continuity is then sufficient to calculate the
stresses in the constant state region adjacent to the interface in terms of the

fan extent 6. In particular, the traction stresses are

Gy = T, 5in 26,

Oy = (142 8,+cos 2 9/) }(“ interface)

(25)
where a local tension has been assumed at the free surface.

Increasing load transfer to the near-surface interface thus correlates
with a growing fan. One possibility for the numerical difficulties experienced
in this and similar work is speculated to be the growth of the fan region as
loading continues. .

For instance, preliminary finite element results for a sample problem
consisting of two slabs (one elastic, one plastic) bonded together and in
tension perpendicular to the interface (32] suggest that the results may be
improved by extreme mesh refinement in the tangential direction, apparently
due to improved modeling of the fan growth. (Over the range that results can
be extracted, agreement with the asymptotic results above is excellent) To
what extent this is a general feature of finite element solutions of such
problems is being further investigated.

Necking Regi

Since the numerical approach described in the previous section was not
successful in providing results extending into a clearly necking behavior, and
since debonding of ligaments from the matrix appears to significantly affect




toughening, a different class of problem was next studied. The axial
deformation of plastic bars was modeled, with the ends of the bars constrained
from shrinking radially (Fig. 19). This is intended to model a ligament for
which the constraint of the surrounding stiff matrix has been partially relaxed
by debonding of the ligament near the crack tip. Finite element modeling was
employed to discover how the initial bar height affects the subsequent load-
displacement history. The stretch u is now measured as the extension of the
bar. '

A set of results (Fig. 20) with material properties appropriate to the
Al203/ Al material for initial ‘debonds' ranging from (ko/ag)=0.1 to (ho/eg)=0.5
indicate that two effects are important: (a) a small debond leads to higher
constraint levels than a large one, but (b) the necking process is strongly
accelerated by the con.stnint when the debond is short, so that the load
decreases more rapidly with increasing ligament stretch than for the long bar.

Similar trends can be seen in the plane strain analogs of the above
calculations, corresponding to slab-like reinforcements. The comparison in
Fig. 21 shows that there is slightly more constraint for the plane strain case.

Approximate models of the necking process in constrained ligaments
may be constructed (16, 33] which agree well with the finite elemerit results.
Using these over the whole range of ligament deformation or extrapolating
the finite element results predicts a value for w of about 3 for the large debond
case (ho/ag)=0.5.




DRiscussion

Comparison of the models described above to the experiments of (28]
shows qualitative agreement, but convincing quantitative predictions are yet
to be obtained. For the initial, constrained stages of deformation, the
numerical results indicate constraint factors in the requisite range. A priority
of future work will be to extend the constrained results into a clearly necking

regime.

For debonded ligaments, the observed correlation between increased
debond length and increased w (28] is predicted by the models, but the largest
measured w values with debonding are not approached, apparently due to the
accelerated necking predicted compared to the experiments.

The toughness enhancement due to bridging is dominated by the
contribution from the necking regime, since the high stresses in the
constrained plasticity regime persist only briefly. However, this conclusion
does not exclude the early stages of deformation as irrelevant, since the initial
stresses and near-tip deformation may control whether debonding occurs.
Clearly the significance of such effects will depend strongly on the material
and interfacial properties. In addition, the evolution of the necking ligament
geometry may depend on the details of the initial deformation even when no
debonding takes place. It is thus important to model the whole range of
ligament deformation accurately. Achievement of the numerical modeling
of the whole range of deformation, including if possible the evolution of

debonding along the matrix-ligament interface, is a priority of ongoing work.

From the materials design viewpoint, perhaps the most interesting

aspect of the results is the suggestion that the ductile phase need not be
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completely bonded to the matrix during deformation to provide toughening.
Limited debonding may well be beneficial in terms of toughness

enhancement. -
CLOSURE

The results presented in this paper indicate useful directions for
optimizing the toughness of brittle matrix composite materials. Large scale
numerical simulation of these problems has proved to provide insight and
will be necessary for further progress in this area.
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FIGURE CAPTIONS

Figure 1.

Figure 2

Figure 3.

Figure 4.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

The hydrostatic material behavior of a ceramic containing
particles which undergo a stress induced phase transformation.

The boundary value problem of a semi-infinite crack subject to a
mode I tensile opening load.

The finite element mesh used to examine a growing crack in a

transformation toughened composite.

Transformation zone for the case =5 and B /G=-1.3 when

da=114L.

Contour plot of 8/ &8, and transformation zone for the case =5
and B~ /G=0 when 4a=8.9L.

R-curves for am=5. The steady-state results of Budiansky et al. (4]

are shown with dashed lines.

Schematic of crack-bridging behavior of ductile particles in a
brittle matrix.

Non-dimensional stress vs. streich behavior of a typical iizament
and assodated area w .

Idealized configuration for analysis of behavior of a single
particle. Inset shows initial blunting of crack tip at particle

equator.




Figure 10.

Figure 11.

Figure 12

Figure 13.

Figure 14,

Figure 15.
Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Sketch of results of model experiments of Ref (28).
() without debonding between ligament and matrix
(b) with debonding

Regimes of ligament behavior.
(a) small-scale yielding (b) constrained plastidity
(<) plastic necking

Plane strain slipline solution of Ref (27).
(a) slipline geometry for ap/u=1150 (b) o~ u relation

Initial stage finite element results for different choices of work-
hardening exponent n and of initial root radius rp . (Bonded
interface).

Finite element plane strain vs. axisymmetric comparison for
initial stages. (Bonded interface).

Deformed mesh in tip/interface region.
Geometry for initial deformation near crack tip in ductile phase.

Prototype asymptotic problem near thie intersection of a free
surface and a brittle/ductile interface.

Asymptotic sector arrangement for prototype problem.

Constrained necking bar geometry designed to simulate the large
deformation of a ligament with debonding.

Constrained necking bar finite element results for various

‘debond' lengths hp . Also shown for comparison are
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Figure 21.

corresponding uniform deformation (unconstrained ends)

results.

¢

Plane strain vs. axisymmaetric comparison for constrained
necking bars for various debond lengths g .
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TABLE CAYTIONS

Table L Matrix, ligament and composite properties and inferred values

of w for some materials of interest.

Table IL Values of cohesive stress in Dugdale model inferred in Ref. [26]
from observed bridging zone lengths, and corresponding failure

stretches.
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ABSTRACT

Finite element analysis was used to study the fracture toughening of a
ceramic by a stress induced dilatant transformation of second phase particles.
The finite element method was based on a continuum theory which
modelled the composite as a subcritical material. Transient crack growth was
simulated in the finite element mesh by a nodal release technique. The
crack's remote tensile opening load was adjusted to maintain the near tip
cnergy release rate at the level necessary for crack advance. The
transformation zone surrounding the crack developed as the crack propagated
through the composite. Resistance curves were computed from the analysis;
the results confirm that during crack advance maximum toughness is
achieved before steady-state is reached. Diagrams of each transformation zone

and R-curve are provided to expedite comparison with experimental data.

Introduction

The fracture toagiiness of certain ceramics can be greatly enhanced by
the presence of particles which undergo a stress induced martensitic
transformation (BEvans and Heuer (1980); Evans and Cannon (1986); Green,
Hannink and Swain (1989) such as takes place in systems containing stabilized
zirconia (ZrO2) particles. Examples include partially stabilized zirconia (P5Z)
and zirconia toughened alumina (ZTA). At sufficiently high stress, the
particles of such systems undergo a transforrnation from the tetragonal to the
monoclinic phase which is accompanied by a volume increase of 4%. Since
the transformation is stress induced, a zone of material containing

transformed particles surrounds iz crack tip after it has been stressed. The
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volume expansion of the particles in this zone will cause eigenstresses which
will tend to close the crack and lower the stress intensity factor at the tip. This
shielding mechanism means that a higher applied load than otherwise, and
therefore an apparently higher stress intensity factor, is required to propagate

the crack.

Transformation toughening was first modelled by McMeeking and
Evans (1982) and Budiansky, Hutchinson and Lambropoulos (1983). The
phenomenology of phase transformation was represented by the macroscopic
hydrostatic stress versus dilatation strain behavior shown in fig. 1. At the
critical stress o, phase transformation commences. If the slope B of the
stress-strain curve during transformation is below 4G/3, where G is the shear
modulus, then the transformation continues spontaneously and immediately
to completiorr (Budiansky et al. (1983)). In fact, points on the stress strain
curve between 1 & 2 are excluded as unstable and the state jumps on
transformation from 1 to the segment between 4 and 3. This situation has
been termed supercritical. In the model of McMeeking and Evans, the phase
transformation was supercritical and the volume increase due to
transformation was asymptotically small. The transformation zones were
also asymptotically small. By calculating the amount of crack tip shielding,
they obtained estimates of the effective composite R-curve, the toughness
value which rises as the crack grows. Eventually, a maximal steady state
toughness value develops after an amount of crack growth which is about 3

transformation zone widths.

Budiansky et al. (1983) considered supercritical and also subcritical

materials in steady-state crack advance only. In the subcritical case, with B~ >




-4G/3, the phase change occurs gradually and the material can remain stably
in a state in which the particles are only partially transformed. As a result,
points in fig. 1 between 1 & 2 are stable and the material moves gradually
from 1 to 2 as strain increases. If the strain decreases (unloading) while the
material is between 1 and 2, the state follows the line with slope B through
the current location as shown in fig. 1. In addition, Budiansky et al. also
accounted accurately for the perturbation of the transformation zone size and
shape due to the stresses induced by the transformation itself. Using finite
element analysis, they calculated steady state fracture toughnesses including
cases where the volume increase from the transformation was quite large.
Rose (1986) and Amazigo and Budiansky (1988) have provided additional

analyses of steady state toughening for dilatant transformations.

Stump and Budiansky (1989) have recently provided a more accurate
estimate of the R-curve for a crack advancing in supercritically transforming
material. The problemns were solved numerically by means of an integral
equation. The transformation zones evolved as the crack advanced and the
remote load was adjusted to maintain the stress intensity factor at the critical
constant value at the crack tip. Their solutions show that the maximum
fracture toughness occurs after a finite amount of crack advance, and that this
maximum can be significantly higher than the steady-state fracture toughness
which develops later. The peak fracture toughness is associated with a
transiently wider transformation zone. The result indicates that the amount
of effective toughening is underestimated by the later steady state value since
the system must be forced to grow through the peak toughness state. The
steady state estimate generally underpredicts experimental data (Evans and

Cannon (1986)) so the new predictions tend to bring the theory into better




agreement. Furthermore, R-curves with peaks in the toughness have been

reported by Swain (1983) and Swain and Hannink (1984).

The purpose of the calculations performed for this paper is to consider
the transient behavior of a crack advancing in a material which transforms
subcritically. Experimental evidence indicates that the transformation zones
surrounding a crack tip tend to be diffuse or partially transformed, indicating
a subcritical transformation. Finite element analysis is used to solve the
problem of a semi-infinite crack growing in a transforming material under
Mode I loading and plane strain conditions. Crack growth in the finite
element mesh is modelled using a nodal release technique; the
transformation zone develops as the crack advances. Resistance curves are
computed for different pu-ely dilatant transformation strains and the results
are compared with the steady-state analysis of Budiansky et al. (1983). A near
critical case almost equivalent to the superscritical analysis done by Stump and
Budiansky (1989) was also analyzed for comparison. Extensive
documentation of each solution is provided so that comparisons with

experimental data can be made more easily.

Constitutive Relations

In this section we describe the constitutive relations used to model
transformation toughened composites. Developed by Budiansky et al. (1983),
the model assumnes that the transformation zone contains many particles and
th. « a continuum description of the composite can be formulated. The
composite material is isotropic and consists of a linear elastic isotropic matrix
containing linear elastic isotropic particles which u-ndergo an irreversible

dilatant transformation.




Since the transformation is purely dilatant, the macroscopic shear
response is entirely linear elastic with modulus G, which will depend on the
composite properties of the material. Thus the deviatoric stress-strain

relationship for the composite is

oy =2G & (1)

where ¢’ is the deviatoric part of the macroscopic stress and € is the

deviatoric part of the macroscopic strain.

The dilatant behavior of the composite is depicted in Fig. 1, and can be
represented by

£“='B—+9 2)

where & denotes the total dilatation; o is the hydrostatic part of the stress
equal to ou/3; B is the bulk modulus for the material; and 6 is the current
dilatation due to particle transformation in a macroscopic element of the
composite material. (Einstein summation is used on repeated indices

throughout.)

When the strain g, = ox /| B is exceeded, locally particles change
phase to some extent. When all of the particles have transformed locally, the
macroscopic dilatation 6 is equal to 8 . In a material in which the elastic
moduli of the particies are identical with those of the matrix 6 = cd, where
¢ is the volume fraction of particles and 0: is the free dilatation of an
individual particle (4% in the case of zirconia) (Budiansky et al. (1983)).

However, McMeeking (1986) has shown that in binary elastic composites,




§ = Fctf,' . Where F is a factor which depends on the ratios of elastic

moduli.

When the material is partially transformed in subcritical materials, the

incremental dilatation during loading (g > 0) and due to transformation is

(Budiansky et al. (1983))
6 =(1-B /B)s, 3)
when of /B+8(1-B /B)S ekk s 0. /B+§ (1-B /B).

Since the phase transformation is assumed irreversible, 8 remains
constant during unloading (gxx < 0) in all cases. In the critical and
supercritical case, eq. (3) is replaced by

d0 | dg, =6 5,(s, ~0i | B) @
where &, is a Dirac delta function.

ary Valu

The problem of a very long crack growing in plane strain with a very
small zone of phase transforming particles (see fig. 2) was solved using the
finite element method. Displacement boundary conditions corresponding to
a Mode I linear elastic plane strain field were applied around the outer
perimeter of the domain. The magnitude of the applied load is characterized
by K ", the Mode I elastic stress intensity factor. As shown in fig. 2, material
near the tip transforms due to the stress intensification generated by the crack.
A zone of material which has completely transformed (6= §) surrounds
the crack tip. This core region is incrementally linear elastic with a

permanent residual strain. Consequently, the stress field at the crack tip has a




r'12 singularity and is characterized by a stress intensity factor K™ In the
subcritical case, the region of purely transformed material is surrounded by a
zone of material which is partially transformed (6< ¢ ). In the critical and
supercritical cases, partially transformed material does not exist and 6 jumps

from zero to g across the zone perimeter.

. . . . . APP
For a stationary crack with monotonically increasing K

no
unloading occurs and the J-integral of Rice (1968) is path independent
(Budiansky et al. (1983)). As a result, K™ = K*" and thus, prior to any aack
growth, there is no shielding (McMeeking and Evans (1982), Budiansky et al.
(1983)). The crack will commence growing when K™ = K°, the fracture
toughness of the composite in the crack tip state, i.e. with pretransformed

particles. Equivalently, crack-growth commences when K" = K°,

As the crack propagates and a wake of transformed material develops,
K™ decreases compared to K 7 due to shielding. To maintain crack growth,

K*" must be continually adjusted so that K™ equals K°. K* is the
effective fracture toughness of the composite material and the R-curve is its

graph versus the amount of crack growth Aa.

Finally, all length scales in the moving crack tip problem were

normalized by L, where L is defined by

L=

2 [K(+0 )]’
Izl Oom 5)
Physically, L is the distance on the X;-axis from the tip ahead to the boundary

of the nominal transformation zone for the stationary crack with K% = K°,




The solutions depend on the strength of the transformation which is

characterized by the nondimensional parameter @, where
EO 140
o= {ry] ©
Finite utj

The finite element method used to solve these problems has been
described by Hom, Mataga and McMeeking (1989), The method was
incremental with the load, K*7, adjusted in steps as necessary to tend to
maintain K™ equal to K®. After each adjustment of the load, a successive
approximation iteration was carried out until satisfactory convergence of the
solution was achieved. When K™ equaled K, the crack tip node was
released incrementally to advance the crack, with iterations carried out as
necessary. Thereafter, K*”" was again adjusted in steps to return K™ to K°©
and so on. The virtual crack extension method of Parks (1974, 1978) was used
to calculate K when necessary. The finite element mesh in fig. 3 was used
for the calculations. The crack was grown from the point marked
"STATIONARY CRACK TIP" in that figure to near the point marked
"MOVING CRACK TIP".

Attempts were made to compute results for the precisely critical case
(B =-4G | 3), However, it was found that the iterative procedure failed
to converge. Without any change to the load or geometry, the transformation
zone simply expanded with each iteration. Thus, no stable transformation
zone size was ever established even for stationary cracks. No way was found
by us to avoid this in the algorithm directly. Instead, subcritical materials

were analyzed. Satisfactory convergence to a rather strict criterion was then




achieved. Few iterations were required when B equaled zero but

considerably more were necessary when B was smaller.

The subcritical results we obtained involved partially transformed
material within the zone. IHowever, as B approached - 4G [ 3, the
regions of partially transformed material formed a narrow band around the
outer perimeter of the zone. For a sufficiently small value of B and with
appropriate choices of other parameters, this band was made narrower than
the distance between 2 neighboring integration stations in the finite element
mesh. Thus, at one integration station the material is untransformed and at
the neighboring integration station across the partially transformed band, the
material is completely transformed. This situation is as good as can be
achieved anyway for the exactly critical material given the discreteness of the
mesh. The near cx:itical case so calculated is numerically equivalent to the
exactly critical case for the given mesh. This equivalence was actually
achieved for @ =5 with B == 1.3G in the mesh shown in fig. 3. This
solution was slow to converge (~50 interations per step compared to S for
B =0) and the amount of computer time precluded us from carrying out

other near critical solutions.

The parameters of the problems were chosen so that at least 10
elements spanned the trarsformation zone in the X; direction. To check if
the mesh layout was fine enough, o5 was made smaller to enlarge the zone,
making L larger, equivalent to refining the mesh. The combination E6" was
reduced also to keep @ fixed. The results of calculations then carried out
were identical to those pelformed in the effectively coarser mesh, confirming

that the mesh and calculation strategy were satisfactory.




Results for & Growing Crack

The problemn of a crack in untransformed material growing and
creating a transformation zone was solved for various material parameters.
These characteristic parameters are the transformation strength ®, Poisson's
ratio v, (taken to be 0.3 throughout) and B /G. Three sets of finite element
computations were done with =5, 10 and 15. In each set of calculations,
cases were run for B /G=0, -0.5, and -1.0. The calculation with w=5 and
B /G=-1.3 was also done for comparison with the calculations of Stump and
Budiansky (1989). In all cases the crack was propagated a distance of at least
8L.

Transformation Zones

The transformation zone for the near critical case (B /G=-1.3) with 0=5
and Aa = 11.4L is shown in fig. 4. In this case, the layer of partially
transformed material is very thin and has not been shown in the figure. Itis
thinner than the distance between neighboring integration stations in the
finite element mesh i- about 10% of the peak zone height above the crack, h
shown in fig. 4. Apart from this thin layer, the material inside the zone has
transformed completely. It is clear from the zone shape, that as the crack
grew, the zone first widened sharply and then gradually. After reaching a
maximum width, the zone narrowed sharply with growth and then appears

to settle into a steady state.

In this case, the maximum zone height is h; = 1.06L and occurs after
the crack has grown a distance 3.7L. The finite element results show that the
zone reaches a steady-state height of 0.88L. The transient behavior of a crack
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growing in a supercritical material has also been considered by Stump and
Budiansky (1989). For w=5, their results show that the maximum zone height
is 1.03L and occurs when 4a=2.4L. Their computation also predicts a steady
state zone height of 0.89L. Overall, the zones have very similar shapes. It
should be noted that between Az =2.4L and 3.7L, the zone height is almost
steady, and the discrepancy in the position of the zone width peak should be

considered in that context.

The development of the transformation zone for the case B /| G =0
and @ =10 as the crack tip moves to the right is shown in fig. 5. The zone is
shown for different crack lengths, where A is the amount of growth which
has taken place. The zones are depicted as contour plots of the transformation
dilatation 8. As expected the crack tip is surrounded by a region of fully
transformed material which in turn is sux:rounded by a region of partially
transformed material. As the crack grows, the zone expands in height. The
height of the zone h reaches a maximum at 1.02L after the crack has
propagated a distance 1.7L . Thereafter, the zone narrows and when the crack
reaches a steady state at around 4 =8L, the zone height in the steady state
region is smaller at 0.88L. The steady-state zone height predicted by
Budiansky et al. (1983) for subcritical material with B / G =0 and @ =10
is h =0.84L.

Fig. 6(a) shows the transformation zone when B /| G =0 and ® =5
after the crack has propagated a distance of 8.6L. The fully transformed region
in this case is larger than the fully transforined region for @ =10 case.
However, the whole transformation region observed for @ =5 is smaller

than for @ = 10, and the peak height is not as large. In this case h reaches a
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maximum of 0.87L after the crack has propagated a distance 1.4L. The steady
state zone height predicted by the finite element calculations is 0.81L. The
computations of Budiansky et al. (1983) predicted the steady-state zone height
as 0.89L. The transformation zone after the crack has propagated a distance
8.6L for ® =5 with B/G=-0.5 and -1.0 are shown in figs. 6(b) and 6(c)
respectively. It can be seen clearly that for the smaller values of B there is a
larger fully transformed zone compared to the total zone size. The next figure
in this series for @ =5 is that in fig. 4 for B/ G=-13 discussed already where

there is no partially transformed zone.

Ligs. 7(a) ard (b) are plots of the transformation zone after the crack has
propagated a distance 8.6L for @ =10 when B/G=-0.5 and -0
respectively. Comparison of figs. 7 with 6 show that a larger relative
dilatation e produces a larger final zone size .-ven though they start growing
from nearly the same initial zone size. Finally, figs. 8(a,b&c) show the
transformation zones after the crack has propagated a distance 12.9L for the

cases when @ =15.

Table I shows the peak and steady state zone heights and 4 when the
peak occurs for each case calculated. The finite element results show that for a
given L, the peak height and the steady-state zone height are larger for
stronger transformation strengths @. Also, the crack must propagate further
to reach both the maximum zone height and the steady state zone height for
larger @, Similarly, the closer § is to the critical value of = 4G / 3, the
larger is the peak zone height and the steady height. The latter comment
applies except for the near critical case B / G =-1.3 where the trend seems lo

reverse. But when the material is near critical, the distance the crack must
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propagate to achieve both the maximum zone height and the steady-state is
greater, Included in Table I for completeness are results taken from Stump

and Budiansky (1989) for the supercritical material.

Resistance Curves

As mentioned earlier, the remote applied stress intensity factor was
varied during crack advance to maintain K™ = K° at the crack tip. The R-
curves (K*" verses 4a) for the case when w=5 are shown in fig. 9. As
expectéd, in each case the transformation zone shields the crack tip and
toughening is observed. The R-curves rise to a peak level assodated with the
widest part of the zone. Thereafter, the R-curve falls as the zone narrows.
The curves then tend to settle down to a steady state. The relative. amount of
toughening is higher for the lower values of B because there is relatively
more fully transformed material in the wake zone. In addition, the peak
toughening relative to the later steady state value is more pronounced when

B is more negative.

After the crack has propagated a sufficient distance, the R-curve
approaches an asymptotic value. This steady-state value of KAPP corresponds
to the steady state region in the transformation zone. For comparison, the
dashed lines in fig. 9 denote the toughnesses predicted by the steady-state
finite element analyses of Budiansky et al. (1983). The steady state toughness
for the near critical material B | G =-1.3 predicted by our finite element
calculation agrees well with the steady-state analysis for critical and

supercritical materials which is exact. Furthermore, the peak toughness
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agrees well with the result of Stump and Budiansky (1989). These results give
us confidence in our numerical solutions. For the near critical case
(B | G =-13) with =5, our finite element analysis predicts a maximum
and steady-state K" of 1.30K® and 1.27K° respectively. The peak in K"
occurs when the crack has grown a distance 5.6L. For the supercritical
material, Stump and Budiansky (1989) predict a toughness value of 1.29K°®
for the peak and the steady state value is 1.26 K© (Budiansky et al. (1983)).
Therefore, the zone contributions to toughness agree to within a few percent.
Maximum K*7 in the results of Stump and Budiansky (1989) occurred when
da=5.5L.

The subcritical steady-state values of K ar predicted by our transient
finite element analysis are higher than the steady state values of (Budiansky
et al. (1983)). For example when B = 0, the steady-state toughness predicted
by the finite element analysis is 1.19 KS while the analysis of Budiansky et al
(1983). predicts 1.17K®. This means that our prediction of the zore

contribution is about 10% higher. The difference is unresolved.

For the subcritical material, the difference in the peak and steady state
toughnesses are much smaller than the supercritical case. For B = the
finite element analysis shows that both the peak and steady-state K*" are
indistinguishable at 1.19 K®. Even for B | G =-1.0, the peak K*"is only
1.27K€ compared to a steady-state value of 1.26 K®.

Fig. 10 shows the R-curves for the case when @ =10, Because the
strength of the transformation is greater, the toughnesses computed in these
cases are higher than those for ® = 5 . Also, the peak'value for K** is more

pronounced compared to the steady-state value of K* . For | G =-1.0,
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the computation was only done until ¢ =8.6L and a steady state was not
developed. However, a peak value of K ‘T of 1.65K" was calculated. The
dashed lines in fig. 10 indicate the results of Budiansky et al. (1983). As in the
case of @ =5, the steady state toughness predicted by our finite element
analyses for @ =10 are higher than those of the previous steady state
analysis. The R-curves for @ =15 are shown in fig. 11. The higher
toughnesses reflect the greater strength of the iransformation. Again, the
steady state toughnesses were higher than those predic::d by Budiansky et al.
(1983).

In addition to zone shape information, Table I shows the peak and
steady state tcughnesses and 42 to reach peak toughness predicted by our
finite element analysis for all cases examined in this study. The numerical
computations show that larger peak and steady touglinesses are achieved
when @ is greater and B is closer to critical, i.2. a stronger transformation
with more material fully transforming. Also, with increasing @ and B
closer to critical, the crack must grow a greater disiance in terms of L to reach

both the peak toughness and the steady-state.
Discussion

The finite element results presented in this paper indicate agreement
between our near critical soluticii and the accepted steady state toughening
estimate of previous work (McMeeking and Evans (19€2), Budiansky et al.
(1983), Stump and Budiansky (1989)). In addition, the peak toughness
predicted here for the near critical case by finite elements agrees with the
value obtained by Stump and Budiansky (1989) by another method. This

gives us confidence in our numerical results. It is worth noting that we have
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achieved agreement with other results in the case in which e found

convergence most difficult to obtain, i.e. the near critical situation.

In contrast, 1t is found that our predictions for steady state behavior of
subcritical materials disagree with the established results of Budiansky et al.
(1983). We have checked to see if lack of mesh refinement is the source of our

problem, but that is not so. The discrepancy remains unresolved.

Our calculations confirm the novel R-curve behavior found by Stump
and Budiansky (1989) in their calculations, namely that there is a peak in
toughness prior to steady state. Since the peak of the R-curve will determine
the potential toughness of the material, these new higher theoretical va's
are significant. The actual toughness measured in an experiment will ¢ jen.
on the compliance of the system (McMeeking and Evans (1982)) and this must
be taken into account. However, it is interesting that theory has so far
underpredicted experiments on transformation toughening (Evans and
Cannon (1986)) and so the new results offer the prosiect of the theory being
brought into better agreement with the data.

It has also been observed that the originai very approximate prediction
of an R-curve by McMeeking and Evans (1982) has proved to be too stiff
compared to the data (Heuer (1987)). It is likely that the R-curves now
predicted by Stump and Budiansky (1989) and us will tend to rectify this
situation. Compared to the original R-curve predicted by McMeeking and
Evans (1982), those calculated in this case for @ =5 as well as that of Stump
and Budiansky (1989) are more compliant. For higher values of @, the new
calculated R-curves are even more compliant so that the difference from the

old curve of McMeeking and Evans (1982) will be greater.
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A note of caution is called for, however. The ratio of & for peak
K, | K. divided by peak k is typically in the range 3 to 5 (see Table D).
Thus, the amount of crack growth to reach peak toughness is only about 3 to 5
times the observed fully developed zone height. This range is not very
different from the original prediction (McMeeking and Evans (1982)) that the
R-curve would peak at about 3 zone heights.

It should be noted also that all the results obtained zo far are for
transformation zones which are very small compared to specimen

dimensions. No allowance has been made fov large scale transformation.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

The hydrostatic material behavior of a ceramic containing

particles which undergo a stress induced phase transformation.

The boundary value problem of a semi-infinite crack subject to a

mode I tensile opening load.

The finite element mesh used to examine a growing crack in a

transformation toughened composite.

Transformation zone for the case w=5 and J /G=-1.3 when

da=114L.

Development of the transformation zone for the case o = 10
and B / G =0 as the crack grows; Az is the amount of crack

growth. Contour levels are for 6 / 6.

Transformation zone contour plots of 6/ 6" for the case of

w=5 when & =86L. (a) B/G=0()B/G=-0.5
(©B/G=-10

Transformation zone contour plots of 8 / 8" for the case of

® =10 when Az =8.6L. (a) B/G=-0.5 () B/G=-L0

Transformation zone contour plots of 6 / 8" for the case of

=15 when A1 =129L. @) B/G=0(®)B/G=-0.5

(©B/G=-10
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Figure9.  Resistance curves for the cases of @ = 5 . The steady-state results

of budiansky et al. [5] are shown with dashed lines.

Figure 10.  Resistance curves for the cases of @ = 10 . The steady-state

results of Budiansky et al. [5] are shown with dashed lines.

Figure 11.  Resistance curves for the cases when @ = 15 . The steady-state

results of Budiansky et al. {5] are shown with dashed lines.
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ABSTRACT

Transient crack growth resistance is studied in ceramics reinforced with both dilatant
ransforming particles and very ductile crack-bridging paracles. The overal! material toughness of
a growing precut crack is found by modeling the evolution of the surrounding transformed region
and the formation of a bridging particle strip behind the advancing crack tip. The maximum
toughness occurs for finite amounts of crack growth and exceeds the corresponding steady-state

level.
INTRODUCTION

Brittle ¢--vamics have been toughened by a number of methods including reinforcement with
partially-stabilized zirconia (PSZ) particles or dispersions of ductile metal particles {1,2). Small
PSZ particles which undergo a phase transformation near an advancing crack tip are responsible
for transformation toughening. Ductile particles that bridge the faces of a growing crack cause
panticulate toughening.

A recent theoretical study [3] of steady-state crack growth in the combined material reinforced
with both PSZ and very ductile particles has revealed that the component mechanisms can interact
synergistically. This study contemplates the theoretical toughening during the growth of a semi-
infinite precut (i.e. initially unbridged) combined-material crack. The analysis is motivated by a
study [4] of crack growth resistance in PSZ materials, where it was discovered that for finite

amounts of growth, the transient toughening ratio A = K/K,,, (K is the “applied" stress intensity




factor; K,y is the critical crack-tip stress-intensity factor for fracture) reached a maximum ?\'.';.“
exceeding the corresponding steady-state value lfr’ (5]. We begin with a review of results for

particulate and PSZ reinforcement.
PARTICULATE REINFORCEMENT

The semi-infinite precut crack is shown from abuve and the side in Figuic la. The crack
front is interrupted by a random dispersion of small ductle particles. The particles behind the front
have been severed across the crack plane. As crack growth occurs, see Figure 1b, the crack front
advances through the matrix leaving behind bridging particles that exert restraining forces as the
crack-faces are drawn apart. We analyze crack growth by averaging the effects of the particles
through the thickness of the body, and adopt a 2-dimensional model of a crack-tip bridged by a
strip of deforming particles. This study uses a simplified "Dugdale-like" particle model that
considers the bridging zone to be a uniform strip of particles obeying the crack-face deformation
rule of Figure 2. The critical crack-opening displacement (COD) at the end of the strip is 2v;.

The enhanced toughness is expressed in terms of the modified toughness ratio

K
A=
P Kmvl-—c

where K is the "applied" stress intensity factor, K, is the critical crack-tip stress intensity factor for

)

fracture in the matrix, and c is the concentration of ductile particles. The square-root term
accounts for the decrease in crack front dus to the presence of the particles. The toughness ratio

for plane-strain steady-state crack growth, Ay, is given by the J-Integral result (6]
12
8
e

2v,cSE ]
where E and v are Young's modulus and Poisson's ratio of the matrix. The steady-state bridging

A -c)( - vIKS, @

length L, see Figure 1b, is given

s [_8h

58 _ -
Ap ’“'Km x(l-c) @




During steady-state growth [, remains constant with rupture of the particles at the end of the strip
occurring simultaneously with crack growth.

The dependence of the transient toughening ratio A, on the growth of the precut crack is
found by replacing / in (3) with the tip advance Aa for an initial stage of growth when all the
bridging particles remain intact. When Aa reaches the value . steady-state growth commences
with A remaining fixed at A;’. Recent in-situ measurements of vy and plausible estimates of 3
in the Al,0,/Al system (7] reveal that (2) provides a reasonable approximation. Experimental
confirmation of (3) is still lacking, but mighs be attributed to the fact that so far measurements of /,
have been made on the surface of specimens (7]. Nevertheless, we accept the validity of both

relations for the subsequent combined material analysis.
PSZ REINFORCEMENT

Transformation toughening has been analyzed with the "supercritical” transformation model
introduced in [8]. The wransformed material is assumed to undergo a uniform stress-free
transformation-dilatation of strength c‘():,'i where ¢, is the PSZ volume fraction and 91 is the
unconstrained dilatation (typically 0.04). The transformation cugurs supercritically (i.c.
completely) when the mean stress G, = 0,,/3 reaches the critical value o, . An impertant

transformation strength parameter [8-10] is

T
EcBp 14y
o= —(5) @
A plane-strain characteristic length is given by
2
_ 2[Kn@+v)
L= ﬁ[—————og (5)

STEADY-STATE CRACK GROWTH
Steady-state crack growth, wherein the faces of the growing crack are borderzd by small-

scale transformed wakes of height Hy is shown in Figure 3. Calculation of the steady-state




toughness ratio l;.’ and the nendimensional wake height Hy/L was accomplished by requiring the
“applied” K and the transformation itseif to keep o, at of; along the leading edge of the
transformed boundary, while maintaining the crack-tip stress-intensity factor Ky, at the critical
value K. Results for lfr' are given by the outer curve of Figure 4, a plot of ( l’; )1 versus the
parameter @ [5,6]. "Lock-up” of the steady-state crack occurs for @ = &, = 29.99 (9].

For weak transformations (i.c. @ = 0), the fractional increase in toughness AK"'/K,, ,
where AK** = K = K, , is related to the zone height Hy by the approximate formula (8)

T n
AK" - EcleP r H'I‘ ]
Km 2(1- V)Km I_K‘\/?

The relation (6) along with the finite-strength transformation results of [5] are plotted in Figure 5.

6)

When compared with expesimental data, the steady-state results of Figure 5 are typically low by a
factor of two (2]. Indications are that the shear stress also plays a role in triggering the

transformation, which may account for this discrepancy (3).

R-CURVES

The dependence of the tansient toughness ratio A on the growth of an initially stationary
semi-infinite crack was considered in [4). Crack growth initiation occurs when Kyp = K = Ki(7).
At this instant; the tip is surrounded by a transformed region along the exterior of which the mean
stress equals oF, . As crack growth occurs, the transformed region continues to surround the tip
as the leading edge of the boundary advances, transforming "fresh” material and depositing “old"
material in wake regions. The instantancous toughness ratio A was found by enforcing the of,
criterion along the advancing portion of the boundary, while maintaining Kg; at K. R-curves,
plots of Ay versus the nondimensional crack extension Aa/L. such as Figure 6, were generated for
various values of the parameter @. The corresponding value of lfr’ is given by the dotted line.
The nondimensional zone height H/L and the toughness ratio Ay reached the maximum
values H? /L and 7«.2“ for finite (but not the same!) amounts of crack growth, The dependence

of ( ).'.'rm )1 on wis given by the inner curve of Figure 4. "Lock-up" of transient cracks occurs for




0 = 20.2 [4].
COMBINED PSZ AND DUCTILE-FARTICLE REINFORCEMENT

We now study semi-infinite crack growth in the combined material by using the supercritical
transformation model together with the very-ductile bridging-particle model. The component
transformation toughening ratios l?“ and l‘;. and the modified particulate toughness ratio A},
ar~ considered to be prescribed mnaterial parameters. We begin with a review of steady-state crack

growth before studying the transient toughening of a growing precut crack.

STEADY-STATE CRACK GROWTH

Steady-state crack growth in the combined material is shown in Figure 7. The effects of the
“applied" X, the bridging segment, and the transformation keep G, at o, along the exterior of the
leading edge of the transformed region, while maintaining Ky, at the critical value Km\/l—-_c- and

keeping the COD at the end of the strip /; fixed at 2vg. The "natural” coupling parameter

cS(1+Vv)
= ——= 0))
P ot

emerged from the analysis [3]. The steady-state modified toughness ratio A**, given by the form
of (1), was found for various prescribed values of the toughness ratios l;.’. A;’ , and the
parameter p. In the limits p = (0,e), the formulas

A" =ATA  pores @®)

12

24 (A%? ] p =0 s

A" =[aD" + g -1
were found to apply. An altemative coupling parameter was given by

H.r(l -c)
- —— 10
X (10)

where Hr and /; are the transformed wake height and bridge length of the uncoupled systems.

Large values of 1 correspond to large values of p so that the formulas (8) and (9) continue to apply




for the limits 1} = (O). Values as small as ) » .1 gave toughness ratos almost as high as those

of (8).

TRANSIENT CRACKS

The stationary precut crack at the instant of crack growth initiation is shown in Figure 8.
‘The crack front is blocked by nondeformed particles while surrounded by a transformed regior.,
Since particles ahead of the iip offer no resistance, crack growth initiation depends only on the
appiied K and the ransformation, whose combined effects maintain o at af, along the exterior
of the transformed region while holding Ky, at the critical value K, +/1—c . As discussed in (9],
the ransformed region does not affect the near-tip stress intensity factor of a stationary crack, 5o
that crack growth initiation vccurs when Kgp = K= Km\/T-—c . The shapes of the surrounding
boundaries are found by rescaling the results of {4] with the modified length L(1-c), as has been
done in Figure 9 for various values of the transformation-strength parameter @ ( lfr' or JL';“ via
Figure 4).

The upper half of a crack that has grown by the amount Aa is shown in Figure 10. The
growth process is divided into two distinct phases. During the initial stage of growth, all the
bridging particles left behind by the advancing tip remain intact so that the length of the strip [ is
givenby At *  » out this rhase, the incremental change in length of the strip { ' equals the
incrementalcr 5 n. . Ad. When Aa reaches the special value [, the critical COD 2v; is
achieved at the . the strip and particle rupture commences. Throughout the remainder of
growth [ varies continuously as the COD condition is enforced. However, in order to prevent the
rehealing of ruptured particles, the restriction /* < Ad applies.

The boundary of the transformed region surrounding the growing crack is modeied by three
pieces; the active, passive and residual, see Figure 10, The active piece, MN, is the leading edge
of the transformed boundary along which material has just transformed according to the

of, criterion. The residual piece, OP, is that portion of the boundary surrounding the stationary
crack that is left behind with the first increment of crack growth. The passive segment is a growth




dependent piece connecting O, the ¢nd of the residual segment, with N, the end of the current
active piece, For a crack that advances by a series of small finite increments §a, the passive
segment is sequentially extended with a sexies of straight-line segments while always providing a
smooth connection to the current activz piece. Thus as the crack advances, a saight-line
approximation to e actual passive segment is constructed. Points on the cuvent active segment
arc given in terms of translating crack-tip coordinaies by the complex variable z = x+iy where

2(8) = R(8)[cos (8) + isin (0)] O<|ol<a (11)
The unknown angle & marks the end of the current active segmeiit.

Calculations of the overall transient toughness ratio A along with the nondin:snsional aciive
boundary radius R(8)/1.(1-c) and bridge length //L(1-c) for each of a series of zrowth increments
8a is detailed in Appendix A for prescribed values of @, AS%, and p. Typical R-curves, plots of A
versus the nondimensional crack advance Aa/L(1-c) are shown in Figure 11 for the values 2 = 10
(7.';“ = 1.8), A;’ = 2, and & variety of p. The reason for the peak in the toughness ratic is
explained below. The dependence of some corresponding normalized bridge lengths //L{i-c) on
Aa/L(1-c) are shown in Figure 12. The critical values //L(1-c) occur when the curves depart from
the line I/L(1-c) = A/L(1-c).

Throughout crack growth, the "applied" K must overcome the combined resistances of the
transformation and bridging particle mechanisms. As was previously discussed, the
transformation contribution reaches a peak value for finite amounts of crack advance depending on
the transformation-strength parameter . The particulate contribution increases steadily during
initial growth as the bridging strip continually extends and then levels off near its "full” value as the
length of the strip does not vary much once rupture commences, see Figure 12, The particulate
toughness ratio due to the inherent tip resistance plus that provided by a strip of instantaneous

length { is found by introducing (4), (5) and (7) into (3) to give

Ap = 34/ LA -c¢)




- -

The interaction of the bridging strip and the transformed wake regions during crack growth
determines the peak in the transient toughness ratios of Figure 11. If the particulate component,
given by (12), comes close to its "full” value A,’,’ prior to the peak in the transformation effect, the
mechanisms reinforce each other to provide a maximum transient-toughness ratio A™ that can
substantially exceed the corresponding steady-state value A**. On the other hand, if the
particulate component approaches its “full” value well after the transformation peak has occurred,
appreciable interaction takes place only when each mechanism has come close to its steady-state
level so that A™ just slightly exceeds A**. We now consider transient toughening behavior for
the limiting values p = (0,e).

For "weak" particles (i.c. p = 0), the particulate contribution only becomes important after
the crack has grown much further than the peak in the transformation contribution. Thus, for p=0,
the ransient toughness ratio is detenmined by just the applied K and the transformation, so that the
rescaled growing crack results of (4] apply. Only in the limit of steady-state crack growth do the
particulate and transformation component interact to provide the overall toughness ratio A*. For
"extremely strong" particles (i.c. p — =), the particulate effect reaches its "full” value just after the
onset of growth and prior to the peak tranformation contribution. In the limit p = e, the particulate
contribution reaches its maximum value at the instant of crack growth initiation and acts to
reinforce the transformation effects throughout growth. The special analysis for crack growth
initiation and transient cracks in the limit p — =, o/ 1/L(1 - c) — Ois detailed in Appendix B.

Finally, we present Figures 13-15, plots of the maximum overall toughness A™ versus the
maximum transformation composient A for various values of pand Ay’ =2,3, and 4. In the
limits p = (0,), the maximum overall toughness A™ s given by the approximate and exact
formulas

AP X?uz\;’ p—doe (13)

n
A =[D+ (A - 1]l p—0 (14)

Some corresponding values of the alternative paramter 1 have been included in Figures 13 - 15.




Small values of 1 are sufficient to provide a substantial transient synergism. It is noteworthy that

slight changes in 1} can greatly influence the maximum toughness ratio.
DISCUSSION

The transient toughness ratios of ceramics reinforced with PSZ and ductile crack-bridging
particles reach maximum values for finite amounts of crack growth. However, for the maximum
toughness ratio te substantially exceed the corresponding steady-state value, the component
toughening phenomena must occur on approximately the same size scale. Based on realistic
estimates of the transformation-strength parameter @ S 15, we conclude that for synergistic
interactions transient cracks can experience a maximum toughness of up to 30% above the stcady-

state value.
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APPENDIX A
TRANSIENT CRACKS

. . . . c . .
The equations governing the growing crack are formulated by enforcing the o, criterion

along with K;;;= K,/ 1 = ¢ and when necessary the critical COD condition 2v;. Small-scale
p m {

plane-strain conditions are assumed throughout the analysis. The effects of the applied K, the

transformation, and the bridging zone are given respectively by the complex potentials

b (@) == 61:(1 4‘“(‘/—*\/5)")0
L SViz :cS ( z—i‘\/T)
$p(2) = T 2 @+ Dlog i

(Al)

(A2)

(A3)

where all coordinates are measured from the current crack-tip and the branch cuts lie along the

crack. The integral of (A2) is carried out in the counter-clockwise direction over the points z; on

the boundary of the transformed region.

The mean stress exterior to the transformed region, the upper crack-face opening at the end

of the bridging segment, and Ky;, are given by the relations
_41+v) R [8¢]
B dz

COm 3 e

z(l -

vi(-1)= [¢(-1)]

K. =lim 2
® x=0

9¢(x)
2nx Ix ]

11

(A4)

(AS)

(A6)




where ¢ = ¢ + 5 +¢p, the brackets indicate the jump in ¢ accross the crack faces, and Re
denotes the real part of a complex quantity. After substituting the combination of (A1)-(A3) into

(Ad)-(A6), we obtian

K(1+ 265 (14 —l\/_
m=_(_3_‘.'2.\/%: c_(__v),{,g _\/—+Imlog[ l]}

_ECB ”")§Re { ]
In 72(72=+:sz) Yo

e R

c,e:(1+v)§ Vg HiVT
" ax Jimles T Yo

(A7)

(A3)

ﬁ -i/1
and
Ec 6

KnV1-c =K- ch— 60 = V)J_§Rc Tdyo (A9)
where Im denotes the imaginary part of a complex quantity. The governing equations are
formulated by allowing z to approach z(8) given by (12) while seuing o =op,, K=
Km-\/l_:E , and v*(-/) = v;. With the introduction of the parameters (4) and (7), along with the
toughness ratio A given by the form of (1) and the nondimensional coordinates Z=z/L(1-c),

£=l/L(1-c), we derive
1=AR R\/—-Hm 1t ’/Z(G)
°:7Z(e VFC) T+ /71z0)

av@) <o

(A10)

- _aerc 1
Indx A/2(8) (1/2(8) ++/Z(8"))
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2p4 1+ i~/ 2/2(8)
= A1 -=— mf‘m ( )dY(B) (Al1)

K3 1-i /Z(e)
and
4p'\/— o
1=A- dY Al2
e Ty Rcvz—(e-)r (6) (A12)
where
Ev‘
¥ = - ol - Vg (A1)
and
R(8)sin (8)
¥ ®= 4o (19

For a <16l < x, the boundary radius vector R(8) describes the passive and residual segments
with respect to the current crack-tip position. For specified levels of the particulate toughness

ratio, the combination of (2), (5), (7) and (A13) provides the additional relation
8pw,
(A =1+ — L (ALS)

that is used to fix the left side of (A11). The tangency condition between current active piece and

the passive-segment extension is given by

dY(a) _dy
dX

Al6
=3ax (A16)

The solution of (A10) - (A12) for R(BYL(1-c), 4, A and & given specified values ofA;,’. )
and p is described for the general crack increment 8a when Aa > /.. The active boundary segment

was expanded in the series

RO
i = Zoa" T, G/ O<lbl<a (A17)

where the T's are the Chelyyshev polynomials of the first kind. The substitution of (A17) into
(A10) - (A12) and (A16) sesulted in a nonlinear integral equation and three constraints in the N+4

13




unknowns (ag,..., aN, @, A, £). A system of N+4 equations was generated by collocating (A10)
at the N+1 points Gj = ja/N (j = 0,...,, N) and asserting (A11), (A12), and (A 16). Solution was
accomplished by a Newton-Raphson iterative technique with convergence specified by a relative
change of less than 0.1% in each of the unknowns between iterations. All integrals were evaluated
hy Gauss quadrature.

The initial stage of growth was handled by setting #=A2/L(1-c) and relaxing the constraint
(A11). When the right side of (A1) reached the critical value wy, £ was allowed to vary and
(A11) was turned on for subsequent growth increments. The restriction 2 S8a/L(1 - c) was
enforced to prevent ruptured particles from rehealing.

For the very first growth increment, the passive-residual juncture was located by augmenting

the above system with the unknown angle B marking the end of the residual segment and the

angency constraint
dY(B)l dy
—_— == (Al18)
dX RESIDUAL dx EXTENSION

Typically initial growth increments needed to be small but could be increased in size as growth
proceeded. As a check on the accuracy, the calculations of select runs were repeated with the

increment sizes halved. Only slight changes in results were observed.
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APPENDIX B
EXTREMELY STRONG PARTICLES

We consider crack growth in the limit of "extremely strong™ particles. In order to maintain a
prescribed value of A:,‘ ywe et p = ee, V1 = m - 0 in such a way that the product
n /7 remains bounded. We derive the equations for the growing crack and then specialize the
results to handle crack growth initiation. A portion of the boundary surrounding the stationary
crack then serves as the residual segment for the transient crack.

The governing equations are derived by adapting (A10)-(A12). We proceed by noting thatin
the limit /7 = 0, the asymptotic form

, 1-i/7Z() ) 7
i Im'°g(1+i 1/2(9))’ e JZ@® BD

applies. Afterintroducing (B1) into (A10)-(A12), the governing equations become
1

1=AR - L R 1 ¢ -
) 91=J:°\/z(e) (+/Z(8) + /287 Y (@) lelsa (B2)
s 2 .\/— _\/—
é85((/\;: )2 - 1) =ApV7 - P 1) “’P Jﬂ; Re T-Z(e) dY(8) (B3)
and
4oVt
I=A~- 9 = TJ -\/Z(e) R S -

where (A16) has been used to fix the left side of (B3) and dX(8) is given by (Al4). By
eliminating the transformation contributions of (B3) and (B4), ‘v derive the quadratic equation

2
(V1) + %‘-p\/; - 9—1’2—((1‘;',,')2 - l) =0 (BS)

for the product p/# . The positive root of (BS) yields the relation

15




PVT = %{-‘-(A;‘ -1) (B6)

which remains constant for the stationary and growing crack. The introducdon of (B6) into
(BS) and the climination of (B4) reduces the governing equations to (B3) and

_ASS O 1
A=Ap + 9xf§c72—(-8-)rd\’(9) (B7)

For the stationary crack, (B7) was further simplificd by noting that the integral is identically

zero so that crack growth is initiated when A = A;’ . The surrounding boundary given by

2(8) = R(8)(cos(8) 4 isin(6)] O<l8l<x (B8)

was found by setting A = A% in (B2) and expanding R(BVL(1-c) in the series
P

N
R(8)
\ Ti-0 = § 2, cos(n8) (B9)

After substituting (B9) into (B2) and fixing A;” and @, a system of N+1 equations in the N+1
unknowns (ag,..., 8) was generated by collocating (B2) at the points Bj = jx/N (j = 0,..., N).
The Newton-Raphson procedure detailed in Appendix A was used to solve for the unknown
cocfficients. Typically, ten terms were sufficient to obtain a solution.

The solution of (B2) and (B7) for the grovring crack paralleled the method of Appendix A.
Equation (A17) was used to describe the active boundary segment and was substituted into (A 16),
(B2) and (B7) to yield a nonlinear integral equation and two constraints in the N+3 unknowns
(agses 2N, @, A). A system of N+3 equations was then generated by collocating (B2) at the
points 65 = ja/N (j = 0,..., N) and asserting (B7), and (A16). The Newton-Raphson procedure
previously described was then to obtain a solution. The initial increment was handled by

augmenting the system with the unknown P and equation (A18).

16




R

PR

intact
-« L N e panticles
cut particles A
L & o ~ O
ng
o ¥

Fig. 1a  Precut crack in the particulate reinforced material
!
et
o Q O
O g P
Intact
« Va4 DO paricies
tured :
parices bridging A
£ Q0> 74
font ¥ ‘
Fig. Ib

Steady-state crack in the particulate reinforced material

17




— v

Fig2 Bridging particle traction versus the ypper crack-face displacement

-’T

B
J

s La e TP
X
) ‘:—-’

»V

Fig3 Steady-state crack growth in the PSZ reinforced material

18




o= 208 (10)
Cm 1=-v

Steady-state crack growth in the PSZ reinforced material
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Fig. 10  Transient crack in the combined material
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Abstract

A first order perturbation analysis is presented for the configuration of an initially
straight crack front which is trapped against forward advance by contact with an array
of obstacles (i.e., regions of higher fracture toughness than their surroundings). The
problem is important 1o the micromechanics of crack advance in brittle, locally hetero-
geneous solids. The formulation is based on a linear perturbation result for the stress
intensity faztor distribution along the front of a half-plane crack when the location of
that front differs moderately from a straight line. The trapping solutions for a periodic
array of blocking rectangular obstacles are given using an analogy to the plane stress
Dugdale/BCS elastic-plastic crack model. The effects of the shape of the blocking ob.
stacles on the limit load at which the crack breaks through the obstacles are discussed
within the range of validity of the linear perturbation theory. We also formulate a nu.
merical procedure using the FFT technique and adopting a “visco-plastic™ crack growih
model which,in an appropriate limit, simulates crack growth at a critical stress intensity
factor. This is applied to show how a crack front begins to surround and penetrate into
various arrays of round obstacles (with a toughness ratio of 2) as the applied load is

gradually increased. The limitations of the first order analysis restrict its validity 10




obstacles only slightly tou;her than the surrounding elastic medium. Recently Fares
(1988) analyzed the crack trapping problem by a Boundary Element Method (BEM)
with results indicating that the first order linear analysis is acceptable when the fractuse
toughness of the abstacles differs by a moderate amount from that of their surroundings
(e.g., the toughness ratio can be as large as 2 for circular obstacles spaced by 2 diame.
ters). However, the first order theory is not only quantitatively inaccurate, but can make

qualitatively wrong predictions when applied to very tough obstacles.
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Introduction

The micromechanics of crack advance through brittle, locally heterogeneous mate.
rials is of fundamental interest. Generally speaking, the problems involved are of three
dimensional (3D) character and often lack a theoretical treatment due to mathematical
difficulties. Solution procedures based on finite element and beundary element analyses
can be devised (see Fares, 1958) azid they involve rather heavy numerical computations.
This paper gives & simplified analysis, of limited validity, based on linear perturbation
theory for the configuration of an initially straight crack front which is trapped against
forward advance by contact with arrays of obstacles. The obstacles are modeled as
having the same elastic properties as the rest of the elastic medium, but with slightly
higher fracture toughness, so that the material considered here is treated as elastically
homogeneous. We assume that the crack grows whenever the local stress intensity factor
reaches the local fracture toughness at some point along the crack front. As the applied
load increases, the ¢rack front penctrates between and partially into the blocking obsta-
cles and reaches new equilibrium states in which the intensity factor equals the fracture
toughness value along the penetrating portions of the crack front. The distribution of
stress intensity factors is calculated based on the linear perturbation result, developed
earlier in Rice (19652, 1988), for a half-plane tensile crack with a slightly curved front.
The hall-plane crack result models finite sized cracks assuming the lengths of the cracks
are large compared to other parameters such as obstacle spacing along the crack front.

The trapping solutions for a periodic array of rectangular blocking obstacles are

obtained using an analogy, following Rice (1988), to the two dimensional (2D) plane




stress Dugdale/BCS (for Bilby-Cottrell-Swinden) type of elastic-plastic crack model,
The effects of the shape and size of the blocking obstacles on the limit load at which the
crack breaks through the obstacles are discussed within the range of validity of the linear
perturbation theory, although those concepts can be extended to a broader context.

The limitations of the linear perturbation theory are emphasized here, in that it is
accurate only to the first order in crack front perturbations. This restricts the validity
of the present first order analysis to obstacles only slightly tougher than their elastic
surroundings, i.e. the fracture toughness ratio (of the obstacles to surroundings) must
be near unity. It will be discussed in the text that when applied to very tough obstacles,
the first order theory is not only quantitatively inaccurate, but can also be qualitatively
wrong. Fares (1988) recently performed a BEM (Boundary Element Method) analysis
on crack trapping configurations, based on a fundamental solution developed by Rice
(1985b), for a prismatic opening dislocation source ahead of a half-plane crack with a
straight front. By comparing the BEM results with those obtained by the first order
theory, Fares showed that, for simple ¢ isine wave form perturbations of the crack front.
the first order theory gives quantitatively acceptable results for the stress intensity
factor distribution (within 7% error) when the wave amplitude is within roughly 0.1
times the wavelength, For the case of periodically emplaced circular obstacles spaced
by 2 diameters (figure 7a), which is analyzed both by Fares (1988} and the present
authors, the first order theory can be applied to obstacles that are up to approximately
twice as tough as the surrounding material.

Based on the linear perturbation theory, we formulate a numerical procedure for




crack penetration of a periodic array of blocking obstacles by using the Fast Fourier
Transform (FFT) technique and adopting a “visco-plastic™ crack growth model. In that
model, once the stress intensity factor exceeds the local fracture lou'ghncss. the rate
of the crack growth is linearly increased with the difference between them at the same
location along the crack front. The crack then continues to grow until the new equilib-
rium state is reached. By controlling the rate term in such a visco-piastic formulation,
the procedure may be made to simulate crack growth with the intensity factor equal,
effectively, to the Jocal fracture toughness. We give several examples of applications of
the numerical model to show how a crack begins to surround and penetrate into arrays

of round obstacles as the applied load is gradually increased.

Formulation of Crack Trapping and Penetration

Following Rice (1988) in formulating the crack trapping problem, we consider a
half-plane crack in a linear, isotropic elastic solid. Assume that the crack lies on the
plane y = 0 with a straight tip along z = ag parallel to the = axis (fig. 1a), and is
subjected to fixed applied tensile loadings which induce mode 1 tensile stress intensity
factor

K = K%x; 0] ()
,iong the crack front. The following linear perturbation result was developed by Rice
(1985a) to calculate the distribution of stress intensity factor K along a slightly per-

turbed crack front, along the arc z = a(z) in the plane y = 0 (figure 1b)

K(z) = K%z;a(2)) + (1/2x)PV /ﬂo K%:0(z)]falz") - a(2)) d=' (2)

~00 (2! -2)?




ta the first order accuracy in the deviation of a(=') from constancy; PV denotes principal
value. In writing the above equation for any chosen z, we have chosen a reference straight
crack with tip along z = a(z).

\We will use the above half-plane crack results to model the trapping problems of a
finite sized crack, ag now being the crack length in the z dimension (e.g., half of the
length of a tunnel crack). We assume that the real inteasity factor distribution along the
reference straight crack front varies negligibly with = and also that the representative
perturbation wavelength of the actual crack front is much smaller than the overall crack
length. Thus the above half-plane crack result can be used with K° regarded as uniform
along the crack front and independent of the crack length over the small perturbations
to be considered. Noie that tiie representative wavelength of the perturbation of the
crack front must be consistent with that of the variation of the non-uniform fracture
toughness along the crack front. Using an integration by part in eq. (2), one can show
that

K(z)=K°

— 5 = (1/22) PV / M

(3)

Let Iic and I denote the fracture toughness, or the critical s, for the obstacle.
free material and the obstacles respectively. Now imagine a crack front that is trapped
by obstacles of some given distribution. The crack penetrates between and partially into
the obstacles so that we may assume that K’ = K. on the portions of the front between
the obstacles and I’ = K. on the portions where the obstacles are being partially
penetrated. Howsver, the pc ctration depth a(z) is unknown in those penetrated zones.

Yet a(z) is known but J'(z) is unknown where the crack front just contacts the obstacles.




Qne then needs to solve the singular integral equation (3) for a(z) and K(z) with the
values of either a(z) or K(z) given along complementary portions of the = axis. The
special solution to eq. (3) with R'(z) = K° = K. and a(z) = ag = const, corresponds
to the initial state when crack penetration is imminent,

Clearly, eq. (3) is strictly valid only if |da(z)/dz| < 1 over the whole crack front
(=00 < =z < o). This is equivalent to [K(z) ~ K°)/X°® <« 1. Crack penetration
into the cbstacles starts when the applied K© is increased from K.. MHence during
a penetration process one always have [A'(z) = K9)/K® & (Ke = K¢/ Ke so that the
condition [da(z)/dz| € 1 can be guaranteed by having (K. - KJ/K. < 1. In practical
terms, it appears that our results are still approximately valid when [Re — Ke}/Kc is

near unity.
Analogy to Elastic-Plastic Plane Stress Crack Model

Let us consider the two dimensional plane stress problem in the y,= plane, with
an array of cracks along the : axis on y = 0 which can be represented by a continuous
distribution of prisinatic opening (edge) dislocations. A remontely applied uniform stress
oyy = o° generates an opening gap § = §(z) (i.e., net y direction displacement) between
y = 0% and y = 0=, The stress o,, along the z axis, denoted by o(z), is the sum of o°
and the effect of a continuous distribution of edge dislocations representing the opening

gap between the crack faces. Hence we write the following,

2fo(z) - 09 -a° _ PV/*“ d6(z’)/dz

—F (4)




Equation (4) may be rearranged to coincide exactly with (3) provided that one makes

the identifications (Rice, 1988)
2[o(z) = %)/E — [K(z) - K°)/ K%

()
§(z) — a(2)

Thus the 3D linearized perturbation problem of a crack trapped by, penetrating between
and partially into, an array of blocking obstacles has the following 2D plane stress
analog: The x axis is divided into the following two parts, Lirep and Lyn, analogous
to the contact and penetration regions along the crack front (see fig. 2b). Along Licop
the plane-stress opening gap is prescribed, i.e., as a given distribution of prismatic
opening dislocation corresponding to §(z) = a(z). Along the portions of L, between
the obsta.cles. conditions correspond to an array of pl;ne stress cracks with the stress
sustained along the crack faces prescribed as o(z) = ¢%+ E(K, ~ K°)/2K°. The regions
denoted as R in fig. 2b, as a part of Lyen, is analogous to a Dugdale/BCS line plastic
zone in plane stress, along which o(z) = 0% + E(Ke ~ K°)/2K°. The region Lyrop
reduces, and R increases, with increase of the “applied” stress intensity A®, as the
crack front gradually penectrates intc the obstacles. The size of the zones R must be
determined as part of the solution by imposing the condition that K (=) be finite (equal
to K.) as the border between Li,., and R is approached from within Lyrep. A special
case when K. — oo, corresponding to impenetrable obstacles, has the analogy of purely
elastic plane stress cracks without plastic regions.

The plastic flow in the above analogous 2D plane stress problem, of an array of cracks
in an elastic-plastic sheet, is confined to line plastic zones along the z axis. Thus o(z) =

G (> 0°) along the plastic zones R, where the Dugdale/BCS tensile yield strength g is

.6




identified as 0%+ E( /.~ K'°)/2K°. The portions of Lpen complementary to R correspond
to loaded crack faces on which o(z) = o, (< 0°) (0 = 0 + E(K - K)/2K°).

Hence the solutions for the 3D problem of crack trapping by obstacles can be simply
extracted from the known 2D Dugdale/BCS plane stress crack model solutions, or from
new solutions that can be generated by solving the integral equation or, perhaps, by

solving an alternative numerical model of the 2D plane stress problem.
Gradual Penetration of a Periodic Array of Obstacles

Figure 2 shows a periodic array of obstacles with center-to-center spacing of 2L
and a gap 2/ between them. The obstacles have flat edges, parallel to the z axis, and
are aligned so that the crack front encounters them simultaneously. Thus they could
represent aligned rectangular shaped obstacles of sufficiently large (see below) extent d
in the z direction. As remarked, the trapping solution may be developed directly from
the analogy to the 2D solution of plane stress Dugdale/BCS model. The Dugdale/BCS
model for a periodic crack array has been solved by Bilby and Swinden (1965) and
Smith (1966). In particular, the parameters R and apmin, characterizing spread of the
crack into the obstacles as defined in fig. 2b, are given by:

R=H {(1/¢) arcsin[sin¢/sinp] -1}

(6)

Qmin =

211wsina/”/7 cos ¢ [sm(é+p)] do
w o

T € l—sin’asin"’:ﬁ)’/2 sin(¢ ~ )




where
u= x(l;’c - Ko)/2(’;'¢ -— Kc)' w= (i{c -— KC)IKO'
¢=xi[2L, a=x(H+R)2L (N

The above results are meaningful for the range
K < K° S Ket f(Ke - Ke) (8)

where f = (L - JI)/L is the line fraction of contact zones. The crack front is predicted,
within the linear periurbation formulation, to completely penetrate the obstacles (i.c..
Lirep shrinks to zero in fig. 2b) at the upper limit. Of course, the linear perturbation
procedures themselves are rigorously valid only for A slightly greater than the lower
limit K.. Note that g = x/2 corresponds to the lower limit and gz = ¢ to the upper
limit.

The upper limit in (8) gives the limit' load at which the crack front just breaks

through the array of obstacles,
K= K.+ f(Ke- Ke) 9

This predicts the maximum load that the crack-obstacle system can sustain within the
range of validity of the linear perturbation theory.

However, the limit load X© can be calculated exactly (Rice, 1988) if K'(z) is known
everywhere along the crack front when the final failure of the crack-obstacle system
occurs. This would be true if there is no instability prior to final breakthrough, so that

the local K'(z) is everywhere equal to the local toughness. Since it is assumed here that




the straight-crack-front value K of eq. (1) can be regarded as constant, it is necessary
that
(KO = < [K(z)]* > (10)

be satisfied for any crack front configuration a(z) in fig. 1b. Here the brackets denote an
average along the entire = axis. Equation (10) can be proved by considering the energy
release in a unit translation of the crack front in the z direction without any change
of the crack front shape. If no instabilities occurs, K(z) is known everywhere at final
breakthrough, i.e.,, '(z) = K on regions between the obstacles and A'(s) = e within
the obstacles. Hence eq. (10) gives the exact value of the limit load K as

KO= (K3 + f(KE - K (1)
This agrees with eq. (9) to first order in (I;'c ~ K.) and a table comparing the results
over a range of pa;ameters is given by Rice (1988).

However, a given crack-obstacle system can also fail b'y mechanisms that involve
instabilities, in which cases eq. (11) does not apply. The BEM analysis of Fares (1988)
showed that for a crack trapped by sufficiently tough obstacles, there is a2 maximum
local A'(z) = W'k, which can be generated at the crack front prior to final instability.
When the obstacle toughness k' is more than W A, the penetrating crack front seg:
ments coalesce with one another and the crack front bypasses the still-intact obstacles.
This mechanism of the final instability is completely different from anything explain.
able within the first order theory. In fact, the first order theory predicts that failure
always occurs by having the crack front break through the obstacles, and the K 0 at

breakthrough increases linearly with the obstacle toughness. The first order theory also

3




implies that an arbitrarily large local X(z) can be developed where a crack is blocked
by a sufficiently tough array of obstacles. Therefore, the first order theory can be even
qualitatively, as well as quantitatively, wrong when applied to tough obstacles.

Hence IV is defined as a critical parameter which sets the upper limit of the obstacle
toughness value Ke = WK, for having a breakthrough mechanism as predicted by
the first order theory. In other words W sets the boundary between the breakthrough
mechanism in which case the first order theory is at least qualitatively correct and the
bypass mechanism (coalescence of penetrating crack front segments beyond an unbroken
particle) which is completely beyond the scope of the first order theory. This ¥/ can only
be determined through more accurate formulations such as the BEM analysis of Fares
(1988). It can be justified that W Gepends only on the shape and size of the blocking
obstacles and it increases with the obstacle size, d, in the z-direction. As alimiting case,
W approachesinfinity when d — oo, corresponding to straight-edge obstacles with semi.
infinite extant in the z direction. The toughness ratio K/ K. should be significantly
smaller than 1§ to get a quantitatively acceptable results from linear analysis.

Even if the breakthrough mechanism is guaranteed by having Kc/Lc < 11", there
exists another type of instability which can lead to final breakthrough before the state of
full penetration of the ohstacle is attained. In these cases K'(z) is not known everywhere
at breakthrough (unknown along the unpenetrated portion of the obstacle). In the next
section we explore the critical parameters associated with this mechanism of instability
within the first order theory. It will be shown that for rectangular obstacles as shown

in figure 2, a critical length d¥ can be defined so that the penetration process is stable

10




if d > db and unstable if d < d.

Therefore, the failure processes of a crack trapped by blocking obstacles fall into
three categories. Taking rectangular obstacles as a demonstration, there are two critical
parameters 18/, d%, Ifthe toughness ratio K¢/ Ke > W, the crack will bypass the abstacles
without bLreaking them (category 1). When Ko/Ke < W, the crack will break the
obstacles by penetration. The penetration process will be unstable (category 2)ifd < d&
and stable (category 3) if d > dE. The first category involves the instability meckanism
of crack bypassing the unbroken obstacles, which is completely beyond the scope of the
first order theory. \We will restrict our attention to the latter two categories (2 and 3)
of breakthrough mechanism. For convenience, we will refer to processes in the second
category that involve instability prior to full penstration of obstacles =5 “irregular™
processes while others in the third category for which K(z) is known everywhere at
breakthrough as “regular™ processes.

For regular processes all instabilities can be excluded so that the obstacles are gradu-
ally penetrated by the crack until final breakthrough. The argument leading to equation
(11) for rectangular obstacles can be readily extended to arbitrarily shaped, but sym-
metric (about the z-direction), blocking obstacles in a periodic array. Let us define
f(zo) as the line fraction of the obstacles on a straight line located at z = z¢ parallel to
the original crack front. (For rectangular obstacles of fig. 2, the line fraction f(zo) is a
constant which takes the value of (L — H)/L). Equation (11) then gives the exact value
of the limit load K9, provided that f now represents the maximum line fraction i.e.,

f= max J(zo). This also gives an upper bound for the limit failure load in case of

11




instabilities. For general, possibly asymmetric, biccking obstacles, the limit load for
regular processes can still be calculated from (11), but the line fraction f now depends
on the crack front profile at final breakthrough. Again ccusidering the energy release in
a unit rigid cranslation of the crack front in the z-direction at the final breakthrough,
one easily concludes that f = §/2L where S represents the projection in the z-direction
of all the crack front segments within the obstacles in one period. This is even true for
multi-row systems of periodic arrays of obstacles (see later examples), in which case the
bowing-out crack front will encounter obstacles in different rows.

Assuming (I = K}/ K is sufficiently small, both regular and irregular crack pen.
etration processes can be studied by ﬁr.sl order perturbation theory. In particular, the
instability in irregular processes deserves special attention. We next report a quantita-
tive study on the role of the shape and size of the obstacles in crack penetration pro-
cesses and discuss the limit load for irregular processes. The case discussed previously,
for crack trapping by a periodic array of rectangular obstacles with large z-dimension
shown in fig. 2, is important in the following discussions. For convenience we will refer

to it as the “model” case.

Instability in Crack Penetration of an Array of Obstacles:
Irregular Processes

The problem is addressed on the assumption that [K — K}/ K, is within a range
suitable for linear perturbation theory. Referring to the model case shown in fig. 2, we
denote the value of amin at the complete penetration of the obstacles (i.e., R = L~ H) by

al, and define the area between the line z = a® and the crack front within an obstacle

12




by AL (fig. 3a). Taking the upper imit g = ¢ = (1 = f)x/2 in eqs. (6), one obtains

at 4 K-k 13 rein(fx/2 +4)
kb ory oyl MG P e K (2

Hence a%/L is expressed as a function of the line fraction [ of the obstacles and the
toughness ratio f¢/Ke. Now imagine an array of arbitrarily shaped, but symmetric
(about the x-direction), obstacles spaced by 2L with a minimum gap of 24 in the =
direction. We choose a model case with parameters J/, L for reference. If an obstacle
can fully contain the area A% associated with the chosen reference (fig. 3b), then at
breakthrough the crack is undergoing exactly the same state as the reference model
case. Therefore the penetration process is a regular one so that eq. (9) applies to give
the limit load based on the maximum line fraction f of the obstacles in the = direction.
For example, it c;n be proved that ak < L — H (the proof can be achieved by choosing
a vasiable u = (L = })/L, then forming a function g{u) = ak/L — u and proving that
g(u) is monotonously decreasing frum zero over the interval [0, 1]). Therefore the crack
penetration of an array of round obstacles with radius equal to L - H is a regular
process (figure 3d), in which case the limit load is predicted by eq. (9) for maximum
line fraction f=(L - I[)/L.

However, if the shape of the obstacle can not fully envelop the area AL of the
reference state, but rather is contained (below its maximum width line) fully within
AL (figure 3c), the full penetration of the obstacle will not be possible at the moment
of final breakthrough. That is, an instability will lead to breakthrough prior to the
full penetration and the penetration is irregular. Therefore the area AL is the critical

parameter that distinguishes between the regular and irregular processes. The actual
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breakthrough loads for irregular processes are smaller than those predicted by eq. (9)
using the maximum line fraction f.

Usually the calculation of limit loads for irregular processes requires numerical search
for the occurence of instability. However, there are some cases for which direct analysis
suffices. For example, consider a periodic array of obstacles with shape shown in fig. 4a.
Apparently the penetration would be a regular one if the height d of the base portion of
the obstacles is greater than ¥, i.e., d > ab. When d < ak, the process is an irregular
one if the angle v < x/2. Let us look at 2 moment at which the crack has penetrated
into the obstacle an amount characterized by the parameter p shown in fig. 4a. It can
be arg{ned that the shown state, if in equilibrium with the imposed load, is the same as

another model case with parameter /' defined by fI' = H 4 p. It follows from eqs. (G)

that
4L /2 cos¢d sin(é+y)]
d+ptany = -;_;usmt/u T —sin? coinT o)1 n [sin(é-p) dé (13)

where ¢ = = }{'/2L and pt, w are as defined in eqs. (7). If we take the derivative of both
sides of eq. (13) with respect to p keeping other parameters constant, we can solve for
the quantity di'%/dp for any p. If dK°/dp > 0 the current state is a stable one, in the
s2nse that the load L0 needs to be increased to increase the penetration p. Instability
occurs when dK%/dp < 0 with the critical point reached when the equal sign is taken.
An important case is dK°/dp|,=0 = 0, which determine a critical angle ¢, below which

the instability occurs instantly when p = 0. After some algebraic manipulations, it can
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be shown that

. 2 [ cosccosdsin®y [sin(é + p)
t e = -
an v ,“'/,. (sin® u ~ sin’ ¢sin 3)212 " sin(¢ — p)

where ¢ = xJ/ /2L at p= 0 and w, jt are determined further by solving (13) for Ko using

]aa. (14)

p=0. Thatis

AL B cos@ [sin(é-&-u)]
= x,usm(/‘. G o T o {n (3 = A} dd (15)

When the geometrical angle v is less than ¥, the limit load A at which the crack
breaks the obstacles is then determined directly by eq. (15). We observe that v = x/2
for u = ¢, corresponding to the upper limit in (8), so that at that limit the crack breaks
through the obstacles with any ¢, up tc ¢ = 90° (corresponding to the model case).
:\s d — 0, as for a very thin obstacle, g — x/2 and ¥ — 0. Usually 0 < v» < =/2.
The value of v is plotted in figure 5 against d/al, the height of the obstacle non-
dimensionalized by al, for #/L = 0.5 and K/Ke = 2. It is shown that v is nearly
linear with d/at until d/al = 0.9, after which a sharp increase toward 90° is then
obsarved. A rectangular obstacle with = 0 and d < a can then be always categorized
as U < v {fig. 4b), and the limit load at which a crack breaks through an array of
rectangular shaped obstacles is determined by the eq. (15) when d < aL. Hence one can
define a critical length d¥ (= ar) for rectangular obstacles so that the crack penetration
process is stable if d > d& and unstable if d < d&.

Finally if ¢ > v, instability will occur at some p > 0 and a similar critical location
can be determined by the condition dA'®/dp = 0. We dc not present the details of the

analysis.
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Numerical Formulation of Crack Penetration of Periodic
Arrays of Obstacles

Within the range of validity of the linear perturbation theory, we have discussed the
problem of crack trapping by arrays of pbstacles based on an analogy to the 2D Dug-
dale/BCS plane stress crack model. The solutions are given for characteristic quantities
such as the penetration depths and the limiting K value at which the final breakthrough
ezeurs. In the following we formulate the trapping problem by an alternative, yet more
powerful numerical procedure. The =esults are compared to those previously derived as

well as applied to other cases for which analytical solutions are not knowa.

General Numerical Formulatio‘n

For the general formulation consider the fracture toughness varies in space so that on
the crack plane, I = I¢(x,2). The crack will grow at the positions along the crack
front where the stress intensity factor exceeds the fracture toughness K. \We adopt the

following “visco-plastic™ model for the crack growth

(16)

- otherwise

da(z,1) { oK (2.1) = Kela(z,1),2)) K> K,
at 0

where { is a time parameter in this model, p is a coefficient that represents the “viscosity™
of the system. By making p sufficiently large, or else (as we do) by waiting a sufficiently
long time for a new equilibrium configuration of the crack front to be approached after
each small increase of load K in-a Ustaircase™ load vs. time history, we can make

(stable) growth occur arbitrarily close to tha condition that K = K. during growth.

Note that in eq. (16) K = K(z,1) is related to a(z,t) by eq. (3) at a time . In
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principle one can solve the coupled equations (3) and (16) for K(z,t) and a(z,t). Ap-
parently a(2) = a(z,00), after step increase to the K° of interest, is the final equilibrium
crack profile, corresponding to the sort of solution for crack penetration discustad in
the previous sections. While it is often impossible to solve the coupled 2quations an-
alytically, numerical procedures can be designed by discretizing the equation {16) into
small time steps, and for each step updating a(z,t) and K(x,t) according to (3). The
time step At for any given value of p can be adjusted to speed up the coavergence of
the solution. We will apply this procedure to the periodic array of blocking obstacles

in the following.

Tunnel Cracks With Periodic Arrays of Obstacles

Consider a tunne} crack lying in a2 homogeneous, isotropic elastic solid, having length

2a along thz x axis, and subjected {0 a remote tensile stress o that induces
X0 = I\'o[a] = oxa (17)

along the crack front. The crack advance is blocked by an array of obstacles. Assuming
the half-size of the tunnel crack is initially equal to a,, crack growth will be imminent
once the load o reaches a point that cordition A® = o /%a, = K is satisfied, where
here K is the minimum fracture toughness of the elastic medium along z = a,. With
further increase of the lnad the crack will grow into a new equilibrium state having a
slightly curved front. Now expand a(z,t) and A'(z,t) in Fourier series,

o0 o0
a(zt)= T AnclE, K(nt)= 3 Kadmlk, (18)

AX =00 AR =00
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where recall that 2L is the obstacle spacing. Here An = A, Kn = K are necessary
for a(z,t), K(z,1) to be real valued. Substituting eqs. (18) into eq. (3) and carrying

out the principal value integrations, one finds (Rice, 1985a),

Ko= K°do) =ovxAs  and,for n#0,

. _ JdR%Ao] nx .4 _Kof1l nx (19)
A.._{ T - 2k [Ao]}A.———{-——-——}A..

The above equations (19) replace eq. (3) in the case of periodic array of obstacles.

Since eq. (3) is for a half-plane crack and valid only to the first order in da/d= (or
da(=,1)/9z)), the above equations are only valid when L/ Ao, [Ax|/Ao0 < 1.
For a single cosine wave perturbation, assuming that A, = 0 for |n] > | so that

a(z) = Ao + 241 ces(x=/L). In this case, it follows from (19) that

K(z)= Ko [1 + (l - -’—-22) % cos(x:/L)] (20)
Fares (1988) has shown that the error of (20), when A; /Ay <€ 1, is within seven percent
for Ay = 0.1L and can be as large as 20 percent {or Ay = 0.2L. It is seen from (20) that
K(=) is predicted to be linear with Ay, and when Ay/L exceeds 1/=, K'(z) is predicted
to be negative at the most protruding parts of the crack front, e.g., = = 0. This is why
the first order theory can be qualitatively wrong when applied to tough obstacles in
which case large crack front perturbations might occur. By contrast, the BEM results
of Fares (1988) show that A’(z) attains the smallest, but always positiv , valw: at the
most protruding parts along the crack front.

The fast Fourier transform (FFT) method is used to carry out the expansion and

inversion of the Fourier series in eqs. (18). The numerical procedure of solving for
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the equilibrium profile a(z) at a given load ¢ is then formulated as follows: The initial
shape function a(z,0) (e.g., a constant at the start of the procedure) is expanded into
a Fourier series by the FFT method, and the coefficiants X, in the second of eqs. (18)
are calculated by eqs. (19). A FFT inversion (or summation) by eq. (18) gives the
distribution of /'(=,0). Equation (16) is then used, for a chosen small time interval At
and constant (arbitrary).p. to calculate the amount of growth Aa(z,0) for one period
0 < z < 2L, therefore updating a(z, At) as a(z,0) + Aa(z,0). The abuve procedure is
repeated to calculate the subsequent growth until the final equilibrium state is achieved
in which a(z,t) no longer increases by any substantial amount, indicziirg that conditions
K(2) = K¢, K(2) = I are satisfied to the accuracy required along the corresponding
portions of penetration. Then the applied stress may be increased by another step and
the same sequence of steps followed. We have found that the above procedure is a
rapidly convergent process for properly chosen time steps (scaling inversely with the
constant p).

In order to compare the numerical solution to the previously derived results, we
consider again the model case of crack penetration into a periodic array of semi-infinite
obstacles spaced at gaps of 2L as shown in fig. 2. Figure 6a depicts the obstacles in
one period —1 < z/L < 1. The initial crack length a; is assumed tc be 10 times L (the
results for the case when a; is 100 times L show no significant diflerence from this case)
and the obstacle size is also L (i.e., # = 0.5L). The load o; for penetration to start and

the initial crack length a; are related by

o;/xa; = K, (21)
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We define a non-dimensional load parameter as & = o/0;. The fracture toughness K of
the obstacles is taken as twice the value of X.. The crack front trapping configurations
are shown in fig. 6b. The full penetration, which is also the final breakthrough in this
special case, occurs when & reaches 1.5, as predicted in eq. (9). Also shown in fig. 6b in
dashed lines are the corresponding curves when a; = 100L, in which case the half-plane
crack is better approximated. We see that the curves at a; = 10L is very close to those
at a; = 100L. The penetration curves also match closely the previously derived oy,
and R of eqs. (6).

Before concluding this section, we further consider a crack penetrating an array of
round, circular shaped obstacles spaced by 2 diameters (figure 7a). To examine the
validity range of the first order theory, let us first assume a toughness ratio (/c/ ) of
4. The trapping configurations are shown in figure 7b and the final breakthrough occurs
at & = 2.5. Fares (1988) calculated the stress intensity factor distribution corresponding
to these first-order-accurate trapping configuration. His results show that only the first
profile, corresponding to & = 1.3, gives the correct K'(z) distribution, i.e., K'(z) = K
along the penetrating portion of the crack front. As shown in figure 7b, the maximum
perturbation for the first trapping profile is slightly greater than 0.4L, which is somewhat
consistent with the BEM results on the single cosine wave perturbation shown before.
Fares '(1988) also pointed out that in this case the maximum local K'(z) which can
be generated along the crack front is only 3.52K¢, i.e., W = 3.52. The final failure
occurs at & = 2.35, by having the crack front bypass the still-intact obstacles. The

first-order-accurate trapping configurations at the higher & values in figure 7b are hence
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even qualitatively wrong.

The above indicates that it is necessary to reduce the toughness ratio substantially
in order to apply the first order theory. The maximum perturbation of the crack front
should be kept within a reasonable range. Figure 8a depicts the trapping profiles when
the toughness ratio is reduced to 2. In this case the maximum perturbation is below 0.61,
and the linear perturbation theory can be regarded as an acceptable approximation. In
fig. 8b a more detailed picture of the crack penetrating the round obstacles is shown
as the applied load is gradually increased from 1.4 to 1.5 with a siep increment of
0.01. The complete breakthrough of the whole array of obstacles occurs when & =
1.5. This confirms the previous conclusion that the penetration of round obstacles is
a regular process when the toughness ratio is low enough for analysis within the first
order theory. The penetration of the ot;sucle starts at a load level lower than but close
to the final breakthrough load (in our case &pen = 1.44). One may see in fig. Sa.b that
the crack initially grows by following closely the outer curvature of the obstacles and
starts penetrating the obstacle when & = 1.44. Shortly after the start of penetration
the final breakthrough occurs. The reason for this is that the circular boundary «f the
obstacles is close to the bounding curve of AL, A limiting case is when the shape of
the blocking obstacles exactly coincides with the contour of AL. In that case no partial

penetration of the obstacles will occur before the final breakthrough.
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Some Further Case Studies

Here we give several examples of using the developed “visco-plastic” /FFT numerical
model to show how a crack starts to penetrate and surround round obstacles, emplaced
in the form of multi-tow periodic arrays, as the applied load is gradually increased. A
toughness ratio of two is assumed for each crack-obstacle system.

Case 1. Figure 9a shows a two-row periodic array of round obstacles in one period
—1< z/L < 1. The radius of the obstacles is taken as 0.3L. As can be observed from the
resulting crack front trapping configurations depicted in figure 9b, the crzck penetration
starts by following the circular boundary of the round obstacles in the first row. When
load & is increased to 1.2, the central part of the penetrating crack front touches the
second row of obstacles and at & = 1.4 the first row of the obstacles is fully penetrated.
The final breakthrough occurs at & = 1.55.

Case 2, \We consider in the second case two rows of round obstacles, still with radius
0.3L, but with one more obstacle in the second row as shown in figure 10a. The trapping
profiles display more complicated feature when the applied load & is increased by step
increments of 0.1. Figure 10b shows that the first row gets penetrated at & = 1.3 and
the final breakthrough occurs at & = 1.71.

Case 3. In figure 11 three rows of blocking round obstacles are shown, each with
radius equal to L/2/3. The final breakthrough occurs at & = 1.87. This obstacle
arrangement is interesting, in that a toughening ratio (K°/K’) of 1.87 is achieved with
the area fraction of the obstacles less than 0.5. This is due to the fact that at final

breakthrough a large portion of the crack front lies within the obstacle region. Hence
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this type of obstacle arrangement is quite efficient in toughening the elastic matrix
material.” This suggests an interesting problem to find the optimum arrangement for
the obstacles at a given volume fraction such that the maximum toughening can be
achieved. We leave it as future work to address such issue.

Casc {. Finally, we give a simulation of a crack penetrating smaller particles (with
radius taken as 0.1L) as shown in figure 12. Again three rows of blocking round obstacles
are shown, each row contains one more obstacles such that it is harder to break than the
previous row. As the obstacles in the first row have a large spacing, part of the crack
front contacts the second row and the interaction effect results in stronger resistance to
crack penetration. Such interaction becomes smaller between the second and third row
and the final breakthrough occurs at & = 1.30.

The above case studies clearly show that significant toughening of a brittle matrix
can be achieved through crack trapping by obstacles (e.g., second phase particles, in-
clusions, etc.) by having the obstacles emplaced in a “good arrangement™ such that the
bowing out crack front encounters the maximum number of obstacles at final break.
through. In these discussions we have excluded the possibility of crack bypassing of
tough obstacles (sce previous discussions in the text). That raechanism gives rise to
unbroken ligaments behind the crack front, which cause an additional toughening ef-
fect, referred to as the “bridging effect” in the literature, by reducing the effective
crack front stress intensity factor. One expects that in reality these mechanisms will
hkave a combined toughening effect on a brittle matrix containing tough second phase

inhomogeneities.
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While our considerations here are for tensile (mode I) cracks, the corresponding
equations of the first order pesturbation theory are of closely similar form for those
loaded in mode II or mode II1 shear (Gao and Rice, 1986). Thus, to the extent that
a shear crack adequately models a tectonic fault, the ptesent considerations may be of

interest for faulting in regions of heterogeneous shear toughness.
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List of Figure Captions

Fig. 1: A half.plane crack in homogeneous, isotropic elastic medium with a (a)

straight crack front; (b) slightly curved crack front.

Fig. 2: (a) A Crack front trapped by a periodic array of rectangular obstacles.

(b) Regions Lirep, Lpen and R along the trapped crack front.

Fig. 3: (a) Area AL distinguishing between regular and irregular penetration
processes. Shapes of obstacles that cause (b) regular and (c) irregular processes.

(d) Round obstacles.

Fig. 4: (a) A special shape of the blocking obstacles; parameter p describing the
crack penetration into the obstacles. (b) An example of an irregular penetration

process caused by rectangular obstacles.
Fig. 5: Critical angle v for the obstacle shape shown in figure 4.

Fig. 6: (a) Configuration of a periodic array of straight.edged obstacles aligned in
front of a crack. (b) Crack penetration profiles with toughness ratio A'c/ K. = 2.

For solid line curves a; = 10L and for dashed line curves a; = 100L.
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Fig. 7: (a) An array of round obstacles spaced by 2 diameters and (b) the crack
trapping profiles when toughness ratio K/ K. = 4 (note that the first order theory

gives qualitatively wrong predictions at the higher & values in this case; ses text).

Fig. 8: Crack trapping profiles for round obstacles in figure 7a with toughness
ratio K/K. = 2, when the load & is increased (a) from 1.1 to 1.5 with a step

increment of 0.1 and ‘b) from 1.4 to 1.5 with a step increment of 0.01.

Fig. 9: (a) Two rows of periodic arrays of round obstacles with diameter equal to

0.3 times the obstacle spacing. (b) The corresponding crack trapping profiles.

Fig. 10: (a) Two rows of periodic arrays of round obstacles with diameter equal to

0.3 times the obstacle spacing and (b) the correrponding crack trapping profiles.

Fig. 11: (a) Three rows of periodic arrays of round obstacles with diameter equal
to 1/2V/3 times the obstacle spacing and (b) the corresponding crack trapping

profiles,

Fig. 12: (a) Three rows of periodic arrays of round obstacles with diameter equal

10 0.1 times the obstacle spacing and (b) the corresponding crack trapping profiles.
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Abstract

This paper addresses the trapping of the front of a planar crack as it impinges upon a
row of periodically emplaced tough obstacles. The initial penetration of the crack between
obstacles, under increasing load, as well as the ulmate unstable joining of penetrating
segments so as to surround and by-pass the obstacles, are analyzed. The formulation used
for the associated 3-D elasticity problems of half-plane cracks with non-uniform, curved
fronts is 2 Boundary Element Method (BEM). This incorporates a specialized fundamental
solution for an opening (prismatic) dislocation source ahead of a half-plane crack with a
straight front (Rice, 1985a), The implementaticn of this BEM and associated mesh moving
with the front is first discussed after which a series of case studies are carried out, The'first
two case studics evaluate the accuracy of previously obtained linear perturbation results
(Rice (1985b), Gao and Rice (1988)). The last study is a crack growth simulation around 2
periodic amay of circular obstacles with a particle size to spacing ratio of 0.5, The
simulation shows in that case that crack trapping achicves a toughening ratio of 2.35 when
the particle to matrix toughness ratio (Kep/K,) is greater than 3.52. The simulation also

gives lower bounds on the net toughening when Kep/Ke<3.52.
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Introduction

The object of this paper is to study crack trapping. Crack trapping is a specific micro-
mechanism of toughening in a britde matrix containing second-phase inclusions (Lange
(1970)). Two related toughening micro-mechanisms of crackfront interaction with second-
phase inclusions have been recognized in the literature, These are the bridging and the
trapping effect. Unbroken ligaments surrounding second-phase inclus.ons or fibers can
sometimes lag behind 2 main crackfront. These ligaments would then serve as bridges
forming a process zone and reducing the effective crackfront stress intensity factor. This
mechanism of oughening is referred to as the bridging effect and has been extensively
studied (e.g. Krstic (1983), Rose (1987a), Budiansky et al. (1988)). On the other hand,
crack trapping addresses the process by which tough second-phase inclusions get
surrounded or cracked by an advancing crackfront. The crack trapping effect was first
studied by Lange (1970, 1971) who (based on experimental observations) suggested an
analogous mechanism in crackfront movement o that of dislocations bowing between
obstacles. Lange attempted to quantify this possible source of toughening on the basis of a
line tension associzted with the crackfront. Evans (1972) further considered this idea and
nected that toughening cannot be simply related to the increase in length of a crackfront due
to bowing. Evans also noted that tcughening should depend on the ratio of inclusion size to
spacing and not solely on the spacing a3 was predicted by Lange's line tension model.
Finally, Rose (1987b) developed a model which assumed the two effects identified here as
crack trapping and crack bridging to be multiplicatively reinforcing. However, Rose
circumvented the trapping studies by assuming a simple rule of mixtures as the crack

trapping toughening effect.




In contrast to the bridging effect, the rapping effect requires explicit 3-D modelling in
order to be effectively discussed. That is because the Stress Intensity Factor (SIF)
variations along the crackfront have to be accounted for ¢xplicitly in crack trapping studies
whereas smearing of the "bridges" along the direction paralle! 1o the macrocrack in order to
obuin a 2-D mechanical mode! plausibly retains the essence of the bridging effect. A means
of effectively studying SIF variations along & crackfront occured with the development of
3-D weight function theory (Rice (1985a,b)). In particular, the theory of first order
vaniation of SIF due to variation in Jocation of a planar crackfront (Rice 1985b) made the
preliminary analysis of the crack trapping problem possible. In a first study (Rice (197~
a methodology of obtaining the configuration of the front of a planar crack which is . .ppec
against forward advance by contact with an array of obstacles was presented. The method
was ther: used to obtain an analytic solution to 2 periodic armay of long rectangular
obstacles. Gao and Rice (1988) further developed the first order perturbation crack trapping
analysis and included discussion: conceming the effect of obstacle shape. Gao and Rice
alse implemented a numerical procedure (based on the linear perturbation theory) having a
“visco-plastic” crack growth mode! which, in the limit they considered, simulates growth
with the intensity factor equal to the local fracture ioughness. They simulated the evolution
of a crackfront encounitering an array of round obstacles as the applied load was quasi-
statically increased. The present study evaluates the accuracy of the first order perturbation
studies and performs an analogous crack growth simulation without the lincarization
assumptions. It analyzes the finite penetration of ¢rack segments between obstacles and the
ultimate joining of segments so s to by-pass particles. These problems are well beyond the
scope: of the linear perturbation theory.




Model description and limitations

In order o study the trapping effect, a specific mechanical model has to be considered,
Following Gao and Rice (1988), the present model is a half-plane tengile crack with an
arbitrarily shaped but symmetic and periodic crackfront in an lastic medium. The non-
straightness of a crackfront could be ascribed 10 the trapping effect of periodic second-
phase inclusions. Thus, by having the capability to evaluate the SIF values along 2 non-
straight crackfront, investigation of the accuracy of the first order perturbation results a5
well as crack growth simulations could be perforined. However, there are several
limitations to the present model. For example, the half-plane crack idealization applies to
finite-sized cracks only when the cracks are long compared to the micro-mechanical length
parameters (such as second-phase size and spacing). The model also assumes that the
elastic moduli of the inclusions are identical to those of the matix. Some of the limitztions
in this study (such as periodicity of the crackfront) are due to a specific implementation of
the weight function theory while others (such as homogeneity of elastic properties) require

much more extensive numerical and/or theoretical developments to be overcome.,
Mathematical formulation

In order to effectively model non-uniform 3-D crack growth of an initially straight-
edged semi-infinite planar crack, its elastic interaction with opening dislocation
distributions ahead of the initiaf crackfront is required. That is because by analyticaliy

accounting for the interaction of the initial crack surface with such dislocations, the hals-




infinite initial crack surface can be excluded from the discretization requirements in a
surface integral formulation of the problem. Fortunately, the interaction of a semi-infinite
planar crack with arbitrary opening dislocations has been obtained by Rice (1985a).
Consequently, the mathematical formulation of the present model of a semi-infinite crack
with a wavy crackfront and the associated numerical method rely on equation (54) of Rice
(1985a) with an additional term (the applied load) added. Specifically, referring to the
coordinate system shown in figure 1, where y=0 is the plane of the crack, and Oyy and

Auy are the tensile stress and crack opening in the y-direction respectively, we have:
0

0
g,..(x,0,2) = o, (x,0,2) +
yy yy 27X

2 (1 )I j-—— [T'm"mﬁ“] Au (x ,2')dx'dz’ (H
x(l-v
D= \/ (x-x‘)2 + (z-z'.‘)2 (2)

where |1, v are the shear modulus and Poisson's ratio respectively. The expression

°°yy is for the stress which a dislocation on x>0 with the same opening Auy induces in an
infinite uncracked body, while KO is the amplitude of a macro-level applied cracktip stress
field. By assuming that the crackfront is symmetric (with respect to the x-axis) and periodic
(with a period 2L in the z-direction) and noting that duy is non-zero only on the crack
surface, the integration region in equation (1) can be further reduced 10 a representative
sector. An example of a representative sector is shown shaded in figure 1. Denoting by
G(x,z;x',z') the kemel of the integrand in equation (1) the integral appearing in the equation

can be rewritten as:




J G.(x,z;x'.z')~Auy(x',z')-dx'dz‘ 3)
s

G (x,2:x',z) = Z.[G(x,z;x',z'+nL) + G(x.z;x‘,-z'+nL)] “)

Du-as

In the above equations “2L" (see figure 1) is the period of the crackfront and "S" is 2
representative sector. The kemel in the integral representation of the expression for °°yy
(e.8. equation (57) of Rice (1985a)) is similarly treated to account for periodicity and
symmetry. Now, the crack surface is assumed to be traction free and hence o”=0 on the
representative sector. The previous condition leads to the following singular integral
equation in Auy(x,z):

0

o (x,02) + —Reu | G'(x,2:x",2")-Au_(x',2')-dx'd2’ +
Yy 2 b
2 (1-v) % 2xx

=0 {on S} (s)

Once Auy is determined on "'S", the SIF at any point along the crackfront can be
determined using plane strain asymptotic relaticns involving the opening Auy. In general,
equation (5) has to be numerically solved for each specific crackfront configuration. The
numerical method used to solve equation (5) will next be described.

Numerical Formulation
In order to solve (5) numerically, a representation of Auy on "S" has to be chosen.

Since the geometry of a representative sector can widely vary, a piecewise description of

Auy would be most suitable. The surface "&" (defined in (5)) is first divided into straight-




edged triangular subregions forming a mesh. For example, figure 2 is a mesh of a
representative sector. A local coordinate system is then associated with each triangle and
functional variations in terms of the local coordinates are chosen and are multiplied by
parameters to be determined by approximately satisfying the governing equation (5).
Following Boundary Element terminology, specific functional variations with the
corresponding parameters when associated with a particular triangular region will be called
an element. Two types of elements have been used in the case studies to follow, and will te
referred to as normal and crackfront elements. The normal elements have a linear variation
of opening. Consequently, each normal clement used contributes three unknown
parameters to the representation of Auy over "S". The crackfront elements have a linear
multiplied by a square-root opening variation and are used whenever an element has an
edge or vertex lying along a crackfront. The use of crackfront elements incorporate the
asymptotic functional variation of crack-opening near a crackfront, Again, each crackfront
clement used contributes three unknown parameters to the representation of Auy over “S”.
It is to be noted that the representation chosen allows Auy to be discontinuous along the
edges of triangles. The elements in such a representation are described in Finite and
Boundary element analysis as being incompatible. However, incompatible elements have
been extensively and successfully used in Boundary Element analysis (e.g. Brebbia
(1984)).

Once a discrete representation of Auy has been specified, the parameters corresponding
to the amplitudes of the functional variation within each element have to be determined. In
order to approximately satisfy the govemning equation (5), the equality is enforced (apart

from numerical errors) at Gaussian integration points of order 3 within each triangle




(Specifically those points in a triangle having area coordinates a permutation of
(1/6,1/6,2/3)). This method of approximation is called a collocation procedure. Moreover,
the method of representation and approximation described above could be classified as a
Boundary Element method with a highly specialized fundamental solution. Thus the current
method will be referred to as 2 Boundary Element Method (BEM). Some of the difficulties
involved lie in the implementation of this BEM are in evaluating the infinite sum in (4) and

in evaluating the singular integrals required in equation (5) and will next be discussed.

A closed form of the summation of (4) is difficult to obtain. The direct altemative of
summing a large number of terms would be highly inefficient since the evaluation of
G*(x,z;x',z) is repeatedly needed to obtain the integrals in (5) numerically. The first few
terms in an asymptotic expansion of the error in evaluating (4) from -N to N can be shown
to be expressible as a power series in “1/N", This makes the use of Richardson's
extrapolation appropriate (¢.g. see Bender and Orszag (1978)). The accuracy of
implementing Richardson's extrapolation to obtain G* in (4) is numerically verified by
comparing with the direct alternative method of obtaining G” (i.e. summing a large number

of terms in (4)). The next difficulty to be addressed is the evaluation of singular integrals.

Two types of singular integrals are involved in (5). The first becomes evident once an
integral representation for aOyy is chosen. The other is present in G*(x,z;x',z) and occurs
in the keruel of equation (1), namely:

D }
'mﬂn—-'] ©
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o

The expression (6) can be shown to be bounded as (x,y)—(x'y"), and that the only




singularity is along x=0 with Vx' type behavior. The numerical evaluation of an integral
representation of 00y follows that given by Fares and Li (1988). The numerical evaluation
of integrals with singular kemels of the type given in (6) can be alleviated by using the
transformations:

tw (2-2) / (x"+X) (72)

r=Jx'/x (7b)

The transformation of coordinates (7) (with the implied Jacobean) removes the

singularity and smoothes the integrand for a wide range of functional variations of Auy.
After using (7), integrals with kernels of type (6) can be numerically evaluated using

quadrature formulas (assuming xw0).

Once this BEM is implemented, it is numerically verified that a uniform translation of
_the crackfront gives SIF along the shifted crackfront equal (within a small tolerance) to the
applied SIF. This is the only verification case problem in which the exact SIF variation is
known. However, approximate crackfront SIF of a wavy crackfront are available which are
obtained from a first order theory (Rice (1985b)). Comparisons with the first order results

as well as other SIF solutions of non-straight crackfronts will next be presented.
Case Studies

Three case studies will be discussed. The first is a comparison of first order theory
(Rice (1985b)) with BEM results of SIF along 1 sinusoidal crackfront. The second is an
evaluation of SIF along crackfruiits obtained fiom crack growth simulations based on the
linear perturbation theory. The last is a cracy growth simulation using the BEM.




i) sinusoidal crackfront

Referring to figure 1, consider a crackfront where:
a(z) = A-[1 + cos(rz/L)) + a, (8)
The SIF variation along such a crackfront due to an applied macro-level cracktip stress
field of amplitude K© which is correct to first order in (A/2L) is given as (Rice (1985b)):
K[/KO = 1 - (xA/2L)-cos(rz/L) 9)
The discretization of a representative sector of a crackfront of form (8) where
(A/2L)=1.0 is shown in figure 2. The number of straight-line segments (edges of triangular
clements) discretizing the crackfront are chosen as a fixed fraction of the local radius of
curvature, The parameters controlling the accuracy of the numc'xical integrations and infinite
sums extrapolation are chosen so that the errors in SIF along a straight crackfront are less
than 0.01%. In the other case studies, this tolerance value is increased to 0.1%. In
addition, extra care in the meshing procedure was taken with the sinusoidal crackfronts in
order to gain experience in the use of the method. Specifically the SIF results of a given
mesh are considered acceptable only when the maximum discontinuity in SIF values at
coincident edges of adjacent triangles lying along the crackfront is less than 1%. Otherwise
a finer mesh is chosen. A comparison of BEM with the first order results for sinusoidal

crackfronts will next be discussed.

A comparison of AK[/KO=(K1-KOVKO versus A/2L at the leading (z=0) and lagging
(z=L) edges of the crackfront are shown in figures 3a and 3b respectively. At small values
of AR2L (A/2L<0.1), the first order and BEM results agree closely (errors at the leading and
lagging edges when A/2L=0.1 are around 7% and 5% respectively). This agreement could




be consicered as further verification of the BEM. The comparisons in figure 3a and 3b also
show that the errors in the first order results are tolerable up to A/2L=0.2 where the errors
at the leading and lagging edges are around 21% and 19% respectively. Note that (unlike
the first order results) the BEM predicts that the SIF at the leading edge never goes negative
(AK/KO>-1) as is intuitively expected of a crack loaded in tension. A further comparison
of K|/KO versus /L (position along the crackfront) is shown in figure 4 at A/2L=0.2, 0.5
and 1.0. It is interesting to note the qualitative change in the variation of SIF along the
crackfront at successively larger values of AJ2L. It appears that the part of the crackfront at
which the SIF goes beyond KO localizes at a successively narrower region near the lagging

edge of the crackfront.
ii) First order crack growth profiles

In the next two cases, crack growth simulaions through or around 2 periodic array of
circular obstacles (figure §) are studied. The ratio H/L in figure 5 equals 0.5 in both of the
next two case studies. Defining the matrix and particle toughness by K. and Kep
respectively, a particular linear perturbation simulation (Gao and Rice (1988)) assumed
Kcp/Ke=4. They use the “visco-plastic” crack growth model:

da(z,) i} p(Kl-Kc) KK, (or ch when the crack is in the particle)

{ 0 otherwise

(10)

where "t is a time parameter, p is a "viscosity" coefficient of the system and K[ is the

SIF value at points along the crackfront. The details of the numerical implementation of the
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crack growth studies using the linear perturbation theory are discussed in Gao and Rice
(1988). Essentially, by making p large enough, they simulate growth at K[=Ke. Crack
growth profiles at various KO/K,. values from Gao and Rice's simulations are shown in
figure 6. These crackfront configurations are then discretized and the SIF along the
crackfronts are determined using the BEM. A typical mesh used in these discretizations is
shown in {igure 7 and corresponds to the curve with KO/K =2.4 in figure 6.

The SIF along the crackfronts shown in figure 6 as determined by the BEM are shown
in figure 8. In order to more casily discuss the results of figure 8, the crackfront will be
divided into two parts. The part which touches the particle will be called CFyrapand that
which doesn't will be called CFpen. The linear perturbation results would predict that
K/Kc=1 along CFpen and that when K%/K¢=2.5 then K|/Kc~4 along CFirap. The BEM
results show that the lincar perturbation predictions are correct only for the first profile
(KO/K.=1.3). At subsequent profiles, the lincar maﬁon theory underestimates Ki/K.
along Cchn. In addition, when KO/K.»2.5, the linear perturbation results overestimate
Ky/K¢ along CFirap- Both the previous observations would imply that crack growth would
have to proceed deeper into the matrix before particle rupture occurs. This observation is

boene out in the next simulation.
ii) Crack Growth Simulation using BEM

The last case study performs a crack growth simulation using the BEM. In these
simulations, the "visco-plastic” crack growth model (equation (10)) will again be used but
with the following modifications. First, da(z,t) will be replaced by da®*(s,t) where "'s" is the

arc length along the crackfront and da® is an increment of crack advance measured in the
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direction normal to the crackfront. This modification is necessary since a(z,t) would be
multi-valued when the crack{ront wraps around the obstacles. Finally, in order to force the
crackfront to wrap around instead of breaking the obstacles, K¢ p/Kc will be allowed to be
as Jarge as necessary. Fortunately, the simulations show that the obstacle toughness Ky
needs only t0 satisfy Kep23.52K,; for the obstacles to remain unpenetrated as the
protruding crack fronts begin to unstably grow towards one another and surround the
obstacles. Some of the implementation details of the crack growth simulation will next be
described.

The crack growth simulations require forming a new mesh (re-meshing) whenever the
crack advances. The procedure for crack growth is therefore as follows. The SIF along the
current crackfront is obtained using the BEM. Based on the SIF values a new crackfront is
calculated. Re-meshing is performed with the new crackfront which is consequently
considered as being the current one. Thereupon, the cycle of BEM analysis and crack
growth is repeated. The time step taken in equation (10) while growing the crack is
periodically readjusted to satisfy the following constraint. The maximum deviation of
K1/K¢ from 1 along CFpen should not exceed 6%. When the constraint is violated, the
time step increment is decreased. When the constraint is again satisfied, larger time steps
are again taken. Sample crackfront profiles from the crack growth simulations which
satisfy the above-mentioned constraint are shown in figure 10. Further remarks on crack
trapping and the deductions that can be made from figure 10 will next be discussed.

The toughening effect of crack trapping will be defined as the maximum of K9/K that
is to be applied in order to move the crackfront ahead of the first array of obstacles
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(partcles) lying parallel to the crackfront. The crackfront can move in such a way as (o

either break the obstacles or circumvent them by surrounding them.

When the particles break, then the value of K9/K, at breakthrough is the net toughening
achieved by introducing the particles or second phase inclusions. The simulation shown in
figure 10 gives lower bounds (since the particles' toughness is not fully mobilized) on the
net toughening when Kcp/Kc<3.52 with H/L=0.5. An upper bound is obtained from the
rule of mixtures (Rose (1987b)), and the exact level depends on the shape of the particles
as discussed in Gao and Rice (1988). For example, based on the first curve values of
KO/K and Kjpyax/Ke (the maximum SIF acting on the particle), an upper and lower bound
for the net toughness when Kep/Ke=1.77 is 1.44 and 1.30 respectively.

When the obstacles are circumvented, the particles form bridges and lead to the
bridging effect discussed in the introduction. The net toughening achieved in this case is
due to both the bridging and the crack trapping effect. Accordingly, figure 10 suggests that
at least the first array of obstacles might be circumvented when K¢/K23.52 (with
H/L=0.5) and that the crack trapping toughening contribution is then KO/K =2.35. The
actual K¢p/K value required to circumvent the first array of obstacles with a realistic
loading situation depends on the location of the next array of obstacles. That is because
with a realistic loading situation, there would be no way to suddenly reduce Ko/K,. froin
2.35 after the penetrating crack segments began to join unstably with one another. For
example, if the crack front is considered retrapped at the most advanced configuration
shown in figure 10, and Ko/K¢ remains at 2.35, then a lower bound on the Kcp/K
required to circumvent the first array of obstacles is 3.64 (i.e. 2.35x3.02/1.95). In any
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case, the crack trapping tougirening contribution is independent of Kcp/Ke when
ch’Kczii.SZ (i.c. irrespective of whether the first ammay of obstacles are circumvented).
However, the toughening contribution of crack trapping would depend on H/L and in a
more general situation on obstacle elastic moduli, shape and configuration within the britte
matrix. Further case studies have to be performed in order to determine the dependence of
the crack trapping toughening contribution on H/L ((1-H/L) is the ratio of particle size to

particle spacing).
Conclusion

A BEM was formulated and implemented for the case of a semi-infinite crack having a
wavy crackfroat. Using the BEM, the linear perturbation theary of wavy ciacikironts was
evaluated in two case studies. In general, the linear perturbation thecry underestimates the

" SIF along the lagging part of a crackfront and overestimates them along the leading part. In
the case of a sinusoidal crackfront, the linear perturbation theory gives acceptable
agreement with the BEM when the amplitude to wavelength ratio is less than around 0.2, A
crack growth simulation around obstacles using the BEM yields lower bounds on the
toughness of the matrix-particles system when a crackfront breaks through the
particles. The simulation 2lso gives the toughening contribution of crack trapping when the
particle to matrix toughness is above a critical ratio allowing the crackfront to circumvent
the obstacles by surrounding them. Further studies have to be carried out in order to
quantify the effect of particle size to spacing on crack trapping.
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Figure Captions

Figure 1 shows a wavy crackfront of the type analyzed using the BEM. Only a
representative sector (shown shaded) needs to be discretized.

Figure 2 shows a mesh of a representative sector whose crackfront shape is sinusoidal with
the amplitude to wavelength ratio being 1.0,

Figure 32,b: AK/K° (the normalized difference between the actual and the macro Stress
Intensity Factor) versus A/2L (half the crackfront amplitude divided by crackfront
wavelength) as determined by both the lintar perturbation theory and the present
Boundary Element Method. a) and b) show these comparisons at the leading and
lagging tips of the crackfront respectively.

Figure 4: The normalized Stress Intensity Factor versus the location along the crackfront as

determined by both the linear perturbation theory and the present Boundary Element
"Method at various amplitude to wavelength ratios.

Figure 5: An advancing craclkfront encounteririg an armay of obstacles is trapped thus
causing the crackfront to have a wavy shape.

Figure 6: The crack growth profiles based on the linear perturbation theory are shown with

the corresponding macro normalized stress intensity factor (K%/K.) required to reach
that profile.

Figure 7: A typical mesh used to discretize the crack growth profiles based on the linear
perturbation theory shown in figure 6.

Figure 8: The gms Intensity Factor along the crack growth profiles shown in figure 6 as
determined by the Boundary Element Method discussed in the text.

Figure 9: A typical mesh used to discretize the crack growth profiles based on a full
numerical simulation using the Boundary Element Method discussed in the text.
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Figure 10: Crack growth profiles based on a full numerical simulation are shown with the

corresponding macro normalized stress intensity factor (K%K_) required to reach that
profile as well as the associated normalized maximum stress intensity factor (Kmax/Ke)
along the particle.
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£, 7 18 (GPA) Each property of an engincering matenal has a
& t v~ s {GPa) characteristic range of values. The range is enormous:
£ '! of the ten propertics considered here—properties
gk (*on e ,‘,(pcpfr“)m fracture surface energy such 35 modulus, toughness, thermal conductivity—

s all but one ranges through roughly 5 decades,
] heat 1ansiae coeflicient (fim* K) reflecting the diversity in the atomic mechamisms
k Boltzmann’s corstant (JiK) which determine the value of the property.
X I‘?"“‘ “‘°‘l’“‘“‘h (Gp .()MP " It is convenuonal to classify the solids themselves
1 menleephim ! into the six broad classes shown in Fig. l—metals,
t atom size (m) polymers, elastomers, ceramics, glasses and com-
R radius cf pressure vessel (m) posites. Within a class the range of properties is
s bond stffncss (Nym) narrower, and the underlying mechanisms fewer, But
IT ::‘:z‘:::u?: (s;\‘c;uon {m) classifications of this sort have their danfess, notably
Ta melting point (K) those of narrowing vision and of cbscuring relation-
r clastic wave veloaity (mys) ships. Here we aim at a broad review of engincenng
2 linear expansion coeflicient (K™') materials, examining the relationships between the
n df‘}“:}:s cocﬂ'xcxje’m’(—) properties of all six classes.
Yo ’G",’u:,m::f:’c’;,‘mﬂ" (=) One way of doing this is by constructing Matertal
i thermal conductvity (WimK) Properiy Charts. The idea isillustrated by Fig. 2. One
P density (Mpim") property (the modulus, £, in this case) is plotted
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Fig. 1. The meny of enpincening matensals Each ass has

properties which oveupy a partcular part toe "field™) of the

Materials Property Charts, which are the centeal feature of
\his paper

against unother (the density, g1 on loganthime sciles.
The ringe of the ives 15 chosen (0 include all mae
tenals, from the dighteat, hmsiest foams 1o the stilfest,
heaviest metals. 1415 found that data for a given class
of matenals (polymers, (or example) eluster together
on the chart; the subrange associated with one mate.
rial class 15, in all cases, much smaller than the il
range of that property. Data for one class can be
enclosed in 2 propecty-cnvelope, as shown in Fig. 2.
The eavelope is constructed to enclose all members of
the class,

All this 1s simple enough—no more than a way of
displaying properties in a helpful way. But by choos-
ing the axes and scales appropriately. more can be

1000 .
MODULUS - DENSITY i

ACNG TG TmaL
wWAVE VEL Dy

g

YOUNG'S MODULUS, E (GPa) _
£
WL
A Y
Ay
\\ )

DENSITY, p (Mg/m"*)

Fig. 2. The 1dea of 3 Matenals Property Charl: Young's

modulus, £, is ploted agasnst the density, p. on log scales.

Each class of material occupies a charactensuie part of the

chart The log scales allow the longutudingl elsstie wave

velocity ¢ = (£,0)'% to be plotted as a set of parallel
contours

added. The speed of sound in a solid depends on the
modulus, £, and the density, p; the longitudinal wave
speed o, for instance, 18

ET:
r-[;] 1 EY}

or (iaking logs)
. log Emlogp + 2loge. tib)

Fora fixed value of ¢, this cquation plats as a straght
ling of slope 1 on Fig. 2 This allows us to add
contours Of vensptit gormid velrane o the chart they
are the family of parallel duaganal hines, hinking
matenals i which sound travels with the same
velocity. All the charts allow addinonal fundamental
relationships of this sort to be displayed

At themote applied end of the spectrum, the charts
help in materials selection in engineening desipn, The
petformance, in 4n engincenng sense, of loddsbeanng
components is seldom hmited by a single property but
by one or more combnnations of them. The lightest te
rad which will caery @ given tenstle Toad wathout
exceeding it given deflection ss that with the preatest
value of £.p. The | ghtest column which wall support
a piven compressive load without buckling 15 that
with the greatest value of £'%p. The hghtest panel
which will support a given pressuce with mimmum
deflection 15 that with the greatest value of £'' p
Figure 3 shows how the chart can be used to select
matenials which maximisc any one of these com-
binations (1). The candition

E

-u (2a
p )

or, taking logs
log Ewmlogp +logC (2b)

Svsl Ll
LT {{PYY
SALtiin

MODULUS » DENSITY | rnd P
* {OrRng
AN
"‘
{ \ ONLERAY
160 o w/
PR ¢ e
£ Y
’

YOUNG'S MODULUS, E (GPa)
S

wEs. ¥

]

(=

DENSITY, p (Mg/m?)

Fig. 3 The same diagram as Fig 2 but showing gunde lines
for selecting matenals for mummum weight design Because

of the log scales the lines are straight even though they
describe non-linear relationships between the properties
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is a family of straight lines of slope 1, one line for cach
value of the constant €. The condition

E'ipm R}
gwves i Lamily with slope 2, and
EI 1
—=C (S}
»

gives unother sct with slope 1. One member of cach
Gannly 1s shown on Fig. 3, labelled “Guide Lines for
Mutenal Selection”™ The others are found by trans.
taung the appropnate putde hine sideways

1t 15 now casy 10 read off the cubset of malenals
which itre opumal for cach loading geometry. If a
strnghtecdge 1s 1aid parallel to the £1% p = Cline, all
the mitenals which lie on the hine will perform
equally well ag a hght column loadad in compresnion.
those above the hine are better tthey can withstand
geeater foads), those below, worse. If the struight.
edpe 15 translated towaeds the top left corner of the
deageam while retming the same slope, the chace
narrows. At any given position of the edge, two
matersals which e on it are equally good. and only
thuse which rematin above are better. The ame
procedure, applied to the tie (£, p) or plate in bending
(E"" p) lead 10 dilerent equivalences aad opiimal
subsets of matenals, There ate numerous such creria
Jor optimal materivls selection, some of which are
sumumarised in Fig, 4. All of these appear on one or
another of the charts described below.

Among the mechanical and thermal propertics,
there are 10 which are of primary importance. both
in characterising the material, and n engincering
design. They are histed in Table 1z they include
density. modulus, strength, toughness, thermal cons
ductiaty, difusivity and expansion. The chacts dis-
play data for these properties for the 9 classes of
maienals listed 1n Table 2. The class-list is expanded
from the original 6 by distinguishing eagincering
contposites {rom foams and from woodds though all, in
the most general sense, are composites: and by dis.
unguishing the high-sirength engineering ceramics
tlike silicon carbide) from the low strength. porous
ceramics (like bnek). Within each class, data are
plotted (or a representative set of materials, chosen
both 1o span the full range of behaviour for the class,
and to include the most common and most widely
used members of it. In this way the envelope for
cluss encloses data not only for the matenials listed in
Table 2, but for virtually all other members of the
class as well,

2, DATA AND DATA SOURCES

The data plotted on the charts shown below have
been assembled over several years from a wide variety
of sources. As far as possible, the data have been
calulated: cross-checkeu 1y comparing values from
more than one source, anu *hey have been examined
for consistency with physica, ~ules. The charts show

a range of values for cach property of cach malerial,
Sometimes the range is narrow: the modulus of a
mctal, for tastance, varics by only a few pereent about
s mean value. Sometimes 10 1g wide: the strength of
a ceranue van vaey by a Gaetor of 100 or more The
teasons for the range of values vary: heat treatment
and mechameal working have a profound elfect on
yield streagth, damping and toughness of metals.
Crystallinty and degree of cross-linking preatly
influence the modulus of polymers. Gran siz¢ and
porosity change conniderably the fracture strength of
ceramics. And 30 on These structuressensitite props
criies appear as clongated balloons within the en-
velopes on the charts. A balloon encloses a typeal
range for the value of the property for a single
materal Envelopes theasier lines) enclage the hals
loons for a class.

The (ramework of this study 15 one of maximum
bereadth at relatively low precision. In this contest, a
number of spproximations are possible: that the
shear madulus is roughly X § £, that the hardness s
roughly e, (where g, 15 the yicld steength), that the
two spearfic heats Cpand C, ate tfor salidsi equal, und
so forth, Tlus ullows us to deal with one modulus
tYoung's). one wive selocity (the lonprtudinal), and
50 on; the others ure proportional o the une dis-
cussed here, und relauonships, ranges and physieal
onyas are the same.

Now to the data sources themselves. First, there
are the standard handbooks: The American Instuute
of Physics Handbook {2); the Handbook of Physics and
Chenusiry (3); the Landolt-Borasiein Tables [4); the
Maierials Engineering “Materials Selector™ [5) and
the Fulmer Materials Opuimiser {6). More specralised
dita can be found in the compilations by Simmons
and Wang (7} for moduli, Lazan (8] for damping,
Frost and Ashby [9) and the Atlos of Creep and
Steess Rupture Curves {10) for strength at tempera-
ture, and in the major n.erence texts on specific
matenals such as the ASN Metals Handbooks (1)
and Smithells [12] for metals, the Handhook of Gluss
Properties by Bansal and Doremus {13) for glasses.
the Handhook of Plasties and Elastomers [14), the
International Plastics Selector {15}, the Plastics Tech-
nology Handbook of Chanda and Roy [16). and the
Handbaak of Elastomers of Bhowmick and Stephens,
(17} for polymers, the Handbaok of Physicul Con-
stents [18) for rocks and minerals, Creyke e1 ¢f, {19)
and Mozrell {20] for ceramics, Campaosutes (21] und
the Engtneering Guide to Compasite Matertals [22) for
composites, Dinwoodie {23] for wood and wood
products and Gibson and Ashby [24} for foams.
Much of the data (particularly those for moduli,
strength, toughness and thermsl conductivity) are
denved from scientific Journals and conference pro-
ceedings, and from manufacturers data sheets for
their products.

We now introduce charts which display the 10
properties and allow useful relatonships between
them to be explored.
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Table 1. Basie subsct of matenal propertics

ASHBY: OQVERVIEW NO. 50

Propenty Units
Dennty, p Mg m')
Youngst modulus, & {GPa)
Strength, @, tMPa)
Fractute toughness, Ky, IMPam' ¥}
Toughness, G, 1} m¥)
Damping m#m:nl. L] (=)
Thermal conductivnty, 4 tWmk)
Thermal difuimty. a i §)
Volume speafic heat, Gup t).m'K)
Thetmal expannon coctlicient, ¥ \.X)

materials,

Table 2.

Matenal classes and members of cach class

3. THEMATERIAL-PROPERTY DIAGRAMS

nn

AL The modulus—densuy chart (Chaet 1, Fig. 53

Modulus and density are among the most sell
evident of material propertics. Steel is used for stit¥
beams; rubber for compliant cushions, The density of
lead makes it good for sinkers: that of cork makes it
good for Qloats. Figure § shows the full range of
Youny's modulus, £, and density, p. for engineenng

Enginecting ollovs
{The metals and slloys of enpincenag)

Enginecring polymers
{The thermeplastics and thermosets of
cagincenng)

Engineeting ceramics
(Finc ceramics capable of Joad-beanng
application)

Engtncering composties
(The composites of engincening practice.

A distinction is drawn between the propetties
of a ply—"Uniply"=and of 2 laminate—

“Laminates™)

Porou; ceramtices
{Tradintonal ceramics, cements. rocks and
minerals)

Glasses
(Ocdinary sihicate glass)

Woods

Aluminium alloys
Lead allovs
Magnestum alloys
Nicke! alloys
Stecls

Tin alloys
Titanium alloys
Zinc alloys

Epoxtes

Melamines
Polycarbonate

Polyesters

Polyethylene, high density
Polyethylene, low densiy
Polyformaldehyde
Polymethylmethacrylate
Polypropylene
Polyteteafiuorethiylene
Polyvinylchloride

Alumina

Dianiond

Sualons

Silicon cathide

Silicon nitride

Zirconia

Carbon fibre runforced polymer
Glass fibre reinforced polymer
Keslar fibee ceinforced polymer

Brick

Cement
Common rocks
Concrete
Porcelain
Pottery

Borotilicate glass
Soda glass

Silica

Ash

(Separate envelopes desenbe propesuies parallcl to Balsa
the grain and normal (o it, and wood products) Fir

Elustomers
{Natural and aruficial rubbers)

Polymer foams
{Foumed polymers of engincenng)

01k

Pine

Wood products {ply, etc)
Natural rubber

Hard butyl rubber
Polyurethanes

Silicone rubber

Soft buty! rubber

These include:
Cortk
Polyester
Polystyrene
Polyurethane

Al alloys
Lead alloys
Mg slloys
Ny alloys
Steels

Tin alloys
Ti alloys
Zn alloys

EP
MEL
PC

PEST
HDPE
L.DPE

PF
PMMA
op
PTFE
PVC

ALO,
c

Sialons
Sic
Si’Nq

3

CFRP
GFRP
KFRP

Brick
Cament
Rocks
Concrete
Peln

Pot

B.glass
Na.glass
Si0,

Ash

Balwa

Fir

Oak

Pine

Wood products
Rubber
Hard buty)
PU

Silicors?
Soft butyl

Cork
PEST
PS
PU
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Frg. 5. Chart 1: Youngs modulus, £, plotted 3ganst density, p. The heavy envelopes enclose data for

a given class of material, The diagonal contours show the longitudinal wave velocity. The guide lines

of constant Elp, E'%p and £"/p allow selection %f materials for minimum weight, deflection-limsted,
design.

Data for members of a particular class of material
cluster together and can be enclosed by an envelope
(heavy line). The same class-envelopes appear on all
the diagrams: they correspond to the main headings
in Table 2. The members of a class were chosen to
span the full property-range of that class, so the
class-envelopes enclose data not only for the mem-
bers listed in Table 2, but for other unlisted members
also.

What determines the density of a solid? At its
simplest, it depends on three factors: the (mean)
atomic weight of its atoms or ions, their (mean)
size, and the way they are packed. The size of
atoms does not vary much: most have a volume
within a factor of two of 2 x10-*m’. Packing
fractions do not vary much enther—a factor of
two, more or less: close-packing gives a packing

fraction of 0.74; open networks, typified by the
diamond-cubic structure, give about 0,34, The spread
of density comes (rom that of atomic weight, from |
for hydrogen to 207 for lead. Metals are dense
because they are made of heavy atoms, packed more
or less closely: polymers have low densities because
they are made of hght atoms wn a hnear, 2 or
J.dimenstonal network. Ceramics, for the most part,
have lower densities than metals because they contain
light O, N or C atoms. Even the lightest atoms,
packed in the most open way, give sohds with a
density of around | Mg/m’. Matenals with lower
densities than this are foams, contaiing substanual
pore space.

The moduli of most matenials depend on wo
factors: bond stiffness. and the density of bonds
per unit area. A bond 1s like a spning: i can be
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characterised by a spnng constant, § (units: Nim).
Young's modulus, £, 15 coughly
Ewm 3 th
’,

where 7, 18 the atom nige [rq 13 the (meanj dronue or
tomie volume). The wide range of modult 15 largely
caused by the range of value of S The covalent bond
18 ST (S » 20-200 Nim): the metalle and the tome
alintle less s0 (S = 15-100 N m) Diamond has @ very
high modulus because the varbon atom 15 small
feving a hgh bond densuy) and s atoms are haked
by very strong bonds (S = 200N m) Metals have
high moduli because close-packing gives a hugh bond
density and the bonds are strong. Polymers contatn
both strong covalent bonds and weak hydrogen or
Vansder-Waals bonds (S = 0.5 -2 N m); 1t the weak
bonds which streteh when the polymer is deformed.
giving low moduli,

But even large atoms (r,= 3% 10 "m) bonded
with weak bonds (5 = 0.8 N m) have 1 modulus of
rotughly

08 R
Em Ws 1GPa. )
This is the lawer lumt for true sohds. The chart shows
that many matenials have moduls that are lower than
this: they are cither ¢lastomers, or foams—matenals
made up of cells with a lacge fraction of pore space.
Elastomers have a low £ because the weak secondary
bonds have melted (their glass temperature is below
room lemperature) leaving only the very weak
“entropic™ restonng force assoctated with tangled,
long-chain molecules; and foams have low moduli
because the cell walls bend (allowing large displace-
ments) when the material is loaded.

The chart shows that the modulus of engineering
matenials spans § decades,t {rom 0.01 GPa (low
density foams) 10 1000 GPa (diamond); the density
spans a factor of 2000, (rom less than 0.1 to
20 Mg/m®. At the level of approximation of interest
here (that required to reveal the relationship between
the properties of matenials classes) we may approxi-
mate the shear modulus, G. by JE8 and the bulk
modulus, X, by £, for il materials except elastomers
(for which G = E/3 and K » E).

The log-scales allow more information to be dis-
played. The veloaity of elastic waves in a material,
and the natural vibration frequencies of a component
mude of it, are proportional to (£.p)' *: the quantity
(E.p) * usell is the veloanty of longitudinal waves in
a thin rod of the matenal. Contours of constant
(E.p)'? arc plotted on the Chart, labelled with the
longitudinal wave speed: it varies from less than

Very low density foams and gels (which can be thought of
as molecenlar-scale Auid filled foams) can have moduli far
lower than this As an example, gelatia (as 1n Jello) has
a modulus of sbout § x 10°* GPa. Their strengths and
fracture toughness too. sun be below the lower imit of
the charts.

$0mis (soft clastomers) to a little more than 10" mis
(fine ceramics). We note that alumimum and glass,
because of their low densities, transant waves quikly
despite ther low maduli, One ought have expested
the sound veloenty in foams 10 be low because of the
low modulus, but the low deasity alimost compen:
sates That in waod, aeross the gran, 1< fow, bt
along the gramn, 1t s gh—roughly the same as
steel—2 fact made use of 1n the desgn of musical
nstruments.

The diagram helps an the commen prablem of
matenial sclaction for appheations an which weight
must be nummised Guide lines corresponding o
three common geometnies of Tovading are Jrawn on
the diagram. They ute uscd sn the way descnbed tn
Section | 10 seleet matendls for clastic Jengn at
mintmum weight.

2.2, The strengthedensiy chart (Chaet 2, Fig. 61

The modulus of a solid 1s a well-defined quantity
with a sharp value, The strength s not.

The word “strength™ needs defimuon For metals
and polymers 18 15 the vield sirength, hut since the
range of matenals inciudes those which hase been
worked, the range spans imnial yicld 1o ulumate
strength; (or most pracucal purposes itas the samein
tenston and compression. For brittle ceramues, 1t s
the erushing strength in compression, not that in
tension which is about 15 times smaller; the envelopes
for brittle materials are shown as broken lines a3
a ceminder of this. For clastomers, strength means
the tear=sirength. For composues, it is the teastle
Jailure strength (the compressive strength can be less,
because of fibre buckling).

Figure 6 shows these steengths, for which we will
use the symbol o, {despite the dilferent fulure
mechanisms involved), plotted aganst density, p.
The considerable vertical extension of the strength.
balloon for an individual material reflects is wide
range, caused by degree of alloying, work hardening,
grain size, porosity and so forth. As before, members
of a class group together and can be enclosed in an
envelope (heavy line). Each occupies 4 characteristic
area of the chart, and, broadly speaking, encom-
passes not only the materials listed n Table 2, but
most other members of the class also.

The range of strength for engineening matenals,
like that of the modulus, spans about § decades. from
less than 0.1 MPa (foams, used 1in packaging and
energy-absorbiag systems) to 10* MPa (the strength
of diamond, exploited 1n the diamond-ansil press).
The single most imperianl concept in understanding
this wide range s that of the laitice restsiance or
Peierls stress: the intrinsic resistance of the structure
to plastic shear. Metals are soft and ceramics hard
because the non-localised metallic bond does little to
prevent dislocation motion, whereas the more lo-
cahsed covalent and 1onic bonds of the ceramic
(vhich must be broken and reformed when the
structure 1s sheared) lock the dislocations in place. In




1260 ASHBY: OVERYIEW NO. 0

T e ’
2 STRENGTH-DENSITY Qg ;»:‘f::-v-\\ ]
NETAL ANO POLYMERS YIFLD STRENGTN “—“—‘5\; v-pm A ;
CLRANLS 2D GLASIES COMMIESTVE SIRENATH ",:.‘7“'" 179 R '
ELASTOMERS TENSLE TEAR STRENGTH 17 i/ poscieng |
COMPOLITES TENSILE FIRUARE 7 AR
§ MFA/4E ’
1000}
- Erugegang
i — g
b Leslibed
= 100
& 3
z C
) X
E e
u -
z
w
o«
r S ]
w T EHGINEERING P E
o Yo POLYMERS //? ]
' iy /j/ 7 ]
- GUIDE LINES
[ \ ASTOUERS /’,’A\~ FOR Miniun | 1
’ YMER P eV WEIGHT OESICN]
/ FQANMS ’/ /, ,/
'E 7~ = d < < L
- // // // 3
: - s ’ .
b P -~ I'd /7 ]
L. g:c "-/ 4
p s ¢ .
h, w’
i g g J
75=C P =C
0' [ 1 | B N T ] 3 1 | S S S T} [l
‘O.l 03 1 3 10 30
DENSITY p (Mg/m)

Fig. 6. Chart 2: Strength, ¢, plotted against density, p {yield strength for metals and polymers.
compressive sicength for ceramics, tear slrcnglh for clastomers and tensile strength for composites). The
guide hines of constant 0,.p, @' p und @, p are used in minimum weight, yicld-hmited, design

non-¢rystalline solids we think instead of the energy
associated with the unit step of the flow process: the
relative slippage of two segments of a polymer chain,
or the shear of’ 2 small molecular cluster in a glass
network. Their strength has the same origin as that
underlying the lattice resistance: il the unit step
involves breaking strong bonds (as 1o an norganic
glass), the material will be strong; 1 1t only involves
the rupture of weak bonds (the Van.der-Waals bonds
in polymers for example), it will be weak,

When the lattice resistance is low, the material can
be strengthened by introducing obstaces to slip: in
metals, by adding alloying elements, particles, grain
boundaries and even other dislocations (“work
hardening™) and in polymers by crosslinking or
orientation of chains so that strong covalent as well
as weak Van-der-Waals bonds are broken. When
the lattice resistance is high, further hardeming is

superfluous—the problem becomes that of suppress.
ing fracture (next section),

An important use of the chart is 1n materials
selection in plastic design. Figure 4 lists the combi-
nations (such as 0,/p, ¢}*/p and o} */p) which enter
the cquations for minimum-weight design of ties,
columns, beams and plates, and for yield-limited
design of moving components in which incrtial forces
are important (for details and examples see Refs (1},
{6) and {24]). Guide lines with slopes of I, { and {,
corresponding to these combinations are shown in
Fig. 6. They are used to identify an optimul subset of
materials as described in Section 1.

2.3, The fraciure toughness—density chart (Chart 3,
Fig. 7)

Increasing the plastic strength of a matenal 15
useful only as long as it remains plastic and does not
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(a1l by fast fracture. The resistance to the prepagation
of a crack 15 measured by the fraciure taugkness, Ky,.
1t 18 plotted aganst density in Fig. 7. The range is
large: from 0.01 10 over 100 MPam'2, At the lower
end of this range are brittle materials which, when
loaded, remain elasuic until they fracture. For these,
hnear-elastic fracture mechanics works well, and the
fracture toughness iself 15 a well-defined property.
At the upper end lie the super-tough matenals, most
of which show substantial plastiaty before they
break. For these the values of X, are approximate,
derived from cnitical J-integral £J,) and crincal crack-
opening displacement (8,) measurements [by writing
K= (EJ). for instance). They are helpful in
providing a ranking of matenials. The figure shows
one reason for the dominance of metals in engineer-
ing: they almost all have values of K, above
20 MPa m'®, a value often quoted as a mimmunm for
conventional design.

There ate a number of fundamental points to be
made about the fracture toughness, but they are best
demonstrated with Charts S and 6, coming later, Here
we simply note that minimum-weight design, when
the design critecion is that of prevenuing bnittle
fracture from a faw of given size, requires that K, p,
Ki2!p or Ki’1p (depending on loading geomatry) be
maximised (see Fig. 4). Guide-lines corresponaing to
constant values of these parameters age plotted on the
diagram. They are used as described in Section 1.

3.4, The modulus-sirength chart (Chart 4, Fig. 8)

High-tensile steel makes good springs. But so does
rubber. How 1s it that two such different matenals
are both suited for the same task? This and other
questions are answered by Fig. 8, the most useful of
all the charts,

It shows Young's modulus, £, plouted aganst
strength, g,. The qualificanons on “strength™ are
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the same as before: it means yield strength for
metals and polymers, compressive crushing strength
for ceramics. tear strenpth for clistomers and
tensile strength for composites and woods; the
symbol g, is used for them all. The ranges of the
variables, too, are the same. Contours of normalised
strengih, o,1E, appear as 1 family of straight paralle!
lines.

Examine these first. Engincering polymers have
normalised stiengths between 0.01 and 0.1, In this
sense they ure remarkubly strong: the value for metals
are at Jeast a factor of 10 smaller. Even ceramics, in
compression, are not as strong, and tn tension they
are weaker (by a further factor of 15 or s0). Com-
posites and woads Jie on the 0.0 contour, as good as
the best metals. Elastomers, because of their excep-
tonally low moduls, have vulues of @, £ larger than
any other class of matenal: 0.1 to 10.

The wleel strengih of a solid 15 set by the range of
interatomic forces. 1t is small—a bond is broken if ot
15 stretchea by more than 10% or so. $0 the force
needed to break a bonad 1s roughly

Sty

)
where S 15 the bond stilfness (Section 3.1). §f shear
breaks bonds. the strength of a solid should be
roughly

anfl S £ 0
TR0 10

The churt shows that, for some polymers, it 15. Most
solids are weaker, for iwo reasons.

First, non-locahsed bonds (these in which the
cohesive encrgy denves from the interaction of one
atom with large number of others, not just with uts
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nearest neighbours) are not broken whsn the struc.
ture is sheared. The metalhc bond, and theronse bond
for cettan directions of shear, are ke thas, very pure
metal, fy: cuample, yl at ata ac hw as
£ 10000, 4o sicagthening machansms tSaton
3.1 ate actded 1 rase the strength. The coralent
boad & localined; and covaleat ohds Jo, for
thit reason, have el strength which, at Rw
temperatures, are as high as E 10 1t o5 hard to
tncasure them {though it can sometimes be done by
indentarion) because of the sevond eeaion for weaks
ficsd, they pencrally contain detelts—voncentoaton ol
stresi=Trom which shear of (ractute an propagate.
oflen at stresset well belaw the “wleal™ £ 10 Elase
tomers ure snomalous tthey hase strengihs of sbout
£) teaause the modulus does aot denve from bond.
atretching, but from the change 1 eatropy of the
tangled molesular Jhaing when the matena! o
deformed.

In the design of columns and beams, the ratio e, £
often appears. Structures which have a high value of
a, £ will detlect or buckle defore they cld, those
with low g, £ do the opposite. The best matenals lur
an clastic hinge (2 thin web or hgament that bends
clastically, forming the hinge of 3 box o contaner,
for cxample) are those with the manimum value of
¢, £: the diggram immediately Wentfics them as
clastomers dnd certain polymers ithe polycthylenes.
for example).

Finally, to return to springs. The best matenal for
a spning (s that with the preatest value of @} £
(because it stores the most elasue energy per unit
volume, 0% £, before 1t yiclds). A guide-line core
responding to the condition

nl

mlR,

13 plotted on the diagram; it, o any line parallsl woat,
links materials that are equally good by this enterson.
If such a line is drawn through the muddle of 1he
clastomers, it just touches spring steeck Cersmuey
must be rejected because they are wegker, by the
factor of 15, in tension, but glass, which caa be . adde
defectfree, makes good springs. Slightly fusther 1o
the nght lic CFRP and GFRP Al arc good for
spangs.

X3 The fraciure toughness-modulus chart \Chart S,
Fig. 9)

The fracture toughnesses of most polymers are less
than those of most ceramics. Yet polymers are widely
used in engineenng structurcs, ceramices, because thay
atd “battle™, are treated with much more caution.
Figure 9 helps resolve this apparent anomaly 1t
shows the fracture toughness. Xy, plotted against
Young's modulus. £. The restnetions descnibed 1n
Section 3.3 apply to the values of Ay, when small,
they are well defined, when large. they are useful only
as 2 vanking for matenal sclection

Constder first the question of the aecessery (on.
dition for frociee T is that sullicient external wark
be done, of clastic enegy refeaned, (o supply the true
sutfane energy 12 per umil aeeal of the twn new
wttaces Whinh are created \We white this as

Gal 15

wheee 71 the energy telcaserate Using the standand
relation X = tEG) ¥ betwedn G and stressintenuty A,
we find

A a0 : [13]

Now the sutface encegics, . of swlid matenaly scale
as ther nmadul, to an adeguate apprevimdtion
. = Ee, 20, where £, 1s the atom size. pvang

NQE[E%] ) e

We tdenufy the nght-hand side of this equation with

a onethiminng value of A, when, laking ¢ ax
Ixl) “m,

W e ) .
- mmn[i-’] il *m
This entenion 13 plotled on the chart a3 2 shaded.
diagonal band mear the lower nght corner tthe width
of the band reflects a reahistic rangs of 7, and of the
constant Cin y m Erg C). It defines 2 fower limut o1
values of Xy, 1t cannos be less thea this unless some
other source of eneegy (such as a chemical reaction,
of the release of clastie energy stosed in the special
dislocation structures caused by faugue loading) 33
avatlable, when 8 15 given 3 new symbol such a3
R - We note that the most battle ceramics hie
close 1o the threshold: when they fracture, the energy
absorbed 15 only slightly more than the susface
energy With metals ard polymers the energy ab-
sotbed by fracture 15 vastly greater, almost always
because of plasneiny associated with crack propa-
gation. We come 1o this {n 8 moment. with the neat
¢chart

Plotted on Fig. 9 are contours of roughness, G 2
measure of the apparent {racture surface-enérgy
(G = K}, E). The true surface energres, 3. of solds
lic 1n the range 10°* to 10 *khim?. The disgram
shows that the values of the toughness start at
109kJim* and range through almost six decades
to 10°khm’. On this seale, ceramues wre fow
(10 =10 'k)im*). much lower than polymers
(10° =10 kJim®}—and this 15 part of the reason that
design with polymers i3 casier than with ceramics
Thig 15 not 1o say that engineenng design rehies purely
01 Gy 1t is more comphicated than that When the
modulus is high, deficctions are emall. Then designers
are concerned about the loads the structure Sun
support. In load-hmited design, the fracture tough-
ness, Ky, 1 what matters. it determines, {or a given
crack length, the siress the structure cin support.
Expenence shows that a salue of &), above about

'
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20 MPa'? is necessary for conventicnal load-limied
design methods to be viable, Only metals and com-
posites meet this requirement.

Polymers, woods and foams have low moduli.
Design with jow-modulus matenals focusses on limit-
ing the displacement, requinng a hagh value of &y, £,
tor. equivalently, (G, £)'%). Polymers, woods and
foams meet these requirements better than metals, as
the guide.line of Ky ./E=C on the chart shows.
The problem with ceramics 15 that they are poor
by cither cntenon. The solution—since ccramics
have other properties too good o ignore—lies 1n
further progress 1n toughening them, and in new
design methods which allow for their battleness in
tension.

That, of course, 15 still too simple. The next section
adds further refinements.

J.6. The fracture 1ouxhness-steength chart (Churt 6,
Fig. 10)

The stress concentration at the up of a crack
generates a process-zone: a plastic zone in ducnle
solids, a zone of microcracking 1n ceramicy, a 20ne
of Jelamination, debonding and fibre pullout m
composies Within the process zone, work 1s done
aginnst plastic and Inctional forees, 1t 1s this which
accounts for the difference between the measured
fracture energy Gy and the true surface energy 23
The amount of energy dissipated must scale roughly
with the size of the zone d,. given (by equating the
stress field of the crack at 7 = o, to the strength ¢, of
the matenal) by

dy= é—":
z0;

¥




ASHBY- OVERVIEW NO. ¥ 1248

1000 Y
6. FRACTURE
T -STRENGTH
METALS AND PCLYMERS 1 YVIELD STRENSTH

CERAMICS AND GLASSES COPPESSAESTAENGTH] .
COMPOSITES  TENSRE STAENOTH

PROCESS IOME CUMELER = KL /R0y e

‘N-S ‘is gﬁ"l z

L I vv‘v"l T T 1 v rervd

100 T

YIELD BEFORE| 7
FRACTURE Pt

L2 2R BR 28 B 1]

] 1
Y
a
”m
L4
4
™y
WA
N

(T3t N4 NG!
FOR SAFE '\’,’/

¢

7 ENGINEERING
BOLYMERS ~
4
/

LB R KR LLI

o

L BRI ERLS

FRACTURE TOUGIRIESS K. [MPo m’]

0.1

0.01 1ot s et Ll Lty

/ 7 \\
AL
VAL T d
’ ENTaLLRND

’ CFRmMTY

Lo X 231X

~
g
]
A

1

FRACTURE
BEFORE YIELD

1.2 22 232

L S B N b3 et

0.l 1 10

100 1000 10000

STRENGTH o; [MPo)

Fig. 10. Chast &: Fracture-toughnets, K\,. plotted sganst strength, 0, The contours show the value of
Ki =z 0i—toughly, the diameter of the process-2one at 3 crack Up (units: mm). The guide hines of constant
-9, 3nd K., 2re used in yickdibefore-break and feaksbefore-break desiga

and with the strength g, of the material within it
Figure 10—fracture toughness sgainst strength—
shows that the size of the zone, d, (broken lines),
varies cnormously, from atomic dimensions for very
bnttle ceramics and glasses to almost | metre for the
most ductile of metals, At a constant zone size,
fracture toughness tends to increase wath strength (as
expected): 1t 15 this that causes the data plotted 1n
Fig. 10 to be clustered around the diagonal of the
chart,

The diagram has application in selecting materials
for the safe design of load bearing structures. First
some obvious points. Fast fracture occurs when

> c—A"— )

where 2a, 1s the length of the longest cruck 1n the
structure, and C is a constant near unity {(we assume,
below, that € a 1), The crack which will just propa.
gate when the stress equals the yield strength has &
length
a, = -A-l‘g uh
-'.d;
that 15, the criical erack length 1s the same us the
process zone size: the contours on the diagram. A
valid fracture toughness test (one that gives a reliable
value of the plane-strain fracture toughness K),)
requires a specsmen with all dimensions larger than 10
tmes d,; the contours, when muluplied by 10, give a
quick 1dea of this.
There are two cniena for matenals selecuion in-
volving K\, and g,. First, salc design at a given load
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requires that the structure will yield befoce bt brecks.
If the minimum deteetable crack s12¢ 18 20, then this
condition ¢an be expresicd as
A—" W TN
cl

The safest matenal is the one with the greatest value
of Kp.a,.  will tolerate the longest erach  But,
though safe, it may not bhe eflicent The section
required (o caery the load devreases as #, tncreasts
We wanmt high K a, und high ¢, The reader may
wish 1o plot two lines onto the tigure, wolating the
material which best satisties both entena at once:
15 steel. 1Uas this which goves steel sty pre-emnence as
the material for highly steesaed structures when
weight is ndt important

One such steucture 1s the pressure vessel  Here
safe destgn roquires that the sessel Jaky Aefore
1 brecks, leakage is not catastrophie, (ast fracture
is. To cnsure this. the vessel must tolerate & eraek of
length, 2a,, equal 10 the wall thickness & and thi
leads to a dutferent entenon for matenals sclection,
From the last cquation. the leak-before-break
catenon 15

(12}

i& » Rl
9%
But the pressure, p, that the vessel can support is
limited by yicld, so that, for a thin walled cylindrical
vessel of radius R,

2o
Substituting for ¢ gives

1 [Xi
<zl
The greatest pressure 1s carried by the vessel with the
largest value of Ki/e,. A guide hine of A0, is
shown on the chart. It. and the yicld-before-break

line, are used 1n the way described 1in Section 1.
Again, steel and copper are optimal,

3.7, The loss coefficient~modulus chart (Chert 7,
Fig. 1)

Bells, traditionally, are made of bronze. They can
be (and sometimes are) made of glass; and they could
(i you could atford it) be made of silicon carbide.
Metals, glasses and ceramics all, under the right
circumstances, have low intninsic damping, or “in-
ternal fnction™, an impartant matenal property when
structures vibrate. We measure intrinsic damping by
the loss coefficient, n. which is plotted in Fig. 11,
Other measures include the specific domping copacity
DU (the encrgy D dissipated per cycle of vibrational
energy U). the log decrement. 4 (the log of the ratio
of successive amphtudes), the phase lug, &, between
stress and strun and the resonamce factor, Q. When
the damping 1s small (1 <0.01) these measures are
related by

ASHBY: OVERVIEW NO. $0
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L. mi3nd L

W0 R ndmg

but when the damping 18 large, the defimuons are no

longer equivalent. Large #°s are best measured by

recording a symmetne load gyele and dividing the

arca of the stress=strain loop by 2= times the peak
energy stored.

There are many mechanisms of intninsic damping
and hystecess Some (the “damping”™ mechaniang
are assoiated with 4 process that has a specitic e
comtant, then the voengy foss 18 ventrad about 8
chatacteristic froquengy  Others tthe “havterens™
mechantams) are dassoctatad with tnandependent
mechamisms, and absocb energy at all frequencies

One damping mechanism. common to all ma.
tenrals, 15 4 thermoelastic effect A suddenhyeapplied
tensil2 stress causes a teue solid 1o vool shighthy asnt
expands telastamers are not true sohds, and show the
opposte ctfect). Ax it warms back to #ts sl
temperature 1t expands further, giving adduional
strain that fags behind the steess. The antsoteapy of
moduli moans that & pofyerystal, even when unie
formly loaded, shows a thermoelastic damping be.
cause  neghbounng  grang  distort=and  thus
cool=-by ditfering amounts. The damping 1s propor-
tonal to the ditference between the adiabatic mod-
ws, £, and that measured at constant temperature,
Ey. A thermudynamic analysis (e.g. {24)) shows that

EA - Eg - CTI:E[
Ef "C‘

where x is the cocificient of linear thermal expansion,
C, the speafic heat, T the temperature and C a
constant. This leads to the shaded hine on the Chart
marked “thermal damping™ Single crystals and
glasses lic below the line, because, when loaded
uniformly, no temperature gradients exist.

The loss caetlicient of most materials 1s far gher
than ths. In metals a large part of she loss 15
hysteretic, caused by dislocation movement: 1 18
high in soft metals like lead and alumimum, but
heavily alloyed metals like bronze, and high-carbon
steels have low loss because the solute pins the
dislocations. Exveptionally high loss is found in the
Mu-Cu alloys, because of a strain-induced martensite
transformation, and in magnesium, pethaps because
of reversible twinning. The elongated balloons for
metals span the large range accessible by alloying and
working. Engincering ceramics have low damping
because the enormous lattice resistance (Section 3 2)
pins dislocations in place at room temperature,
Porous ceramics. on the other hand, are filled with
cracks, the surfaces of which rub, dissipating energy.
when the material 1s loaded, the high damping of
some cast irons hus a similar ongin, In polymers.
chain segments slide against each other when loaded.
the relative motion lowers the compliunee and dissi-
pates encrgy. The case with which they shide depends
on the ratio of the temperature (in this case, room

nuC (4)
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temperature) 1o the glass temperature, T,, of the
polymer. When 7JT, <, the sccondary bonds are
*frozen", the modulus is tugh and the damping is
relatively low. When Tj7, > |, the secondacy bonds
have melted, allowing easy chain slippage: the modu.
lus is low and the damping is high. This accounts for
the obvious inverse dependence of n on £ for poly-
mers in Fig. 11; indeed, to a first approximation

4x 10"
n= F (15)

with Ein GPa.

3.8. The thermal conducitvity-thermal diffusivity chart
(Chart 8, Fig. 12)

The matenal property governing the flow of heat
through a material at steady state is the thermal
conductivity, A (units: JymK); that goverming transient
heat flow is the thermal diffuswity, a (units: mfs).
They are related by

AM ) 5=2

" 16

a 7C, (6)

where p is the density and C, the specific heat,

measured in J/kg*K; the quantity pC, is the volu-

metric specific heat, Figure 12 relates conductivity,

diffusivity and volumetric specific heat, at room

temperature.

The data span almost 5 decades in Z and a. Solid

materials are strung out along the line

pC, =3 x 104 Jm'K (17)

This can be understood by noting that a solid con-
wmiming N atoms has 3V vibrational modes. Each
(in the classical approximation) absorbs thermal
energy k7 at the absolute temperature 7. and the
vibrational specific heat is C, = C, = 3Nk (J)K) where
ks Bolzmann's constant. The volume per atom, 2,
for almost all solids lies within a factor of two of
21x10°"m’, so the volume of N atoms 1s
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Fig. 12, Chart §* Thermal conductivity, 4, plotted against therinal ditfusivity, a. the vontouts show the
volume specific heat, pC,. All three propestics vary with temperature; the data here are for om
temperature.

2% 10" N, The volume specific heat is then {as the
Chart shows)

pC, m INKINQ m 3k 3 x 10 Iim? K. (18)

For solids, C, and C, differ very littles at the level of
approximation of this paper we assume them to be
cqual. As a general rule, then

s m3x 0

(4 in JimK and @ in m¥s). Some materials deviate
from this rule: they have lower-than-average volu.
metric specific heat, A few, like diamond, are low
because their Debye temperatures lie well above room
temperature; then heat absorption is not classical,
some modes do not absorb &7 and the speaific heat
is less than JNk. The largest deviations are shown by
porous solids: foams, low density firebnick, woods
and so on. Thetr low density means that they contuin

fewer atoms per umit volume and, averaged over the
volume of the 3tructure, pC, 1s low. The resultas that,
although foams have low conducnvities (and are
widely used for insulation because of this) ther
thermal diffusivities are not fow: they may not trans-
mit much heat, but they reach a steady state quickly

The runge of / and of « retlect the mechanisms of
heat transfer 1n each class of solid. Electrons vonduct
the heat in pure metals such as copper, silver and
alumimium (top nght of chart) The conducumity s
desenbed by

i wiCiil 19

where C, 15 the electron specific heat per umit volume,
¢ is the clectron veloaty (2 x 10°mis) and / the
clectcon mean free path, tymeally 10" m n pure
metals. In solid solution (steels. mckel-based and
ttantum alloys) the foreign atoms scatter electrons,
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Fig. 13. Chart 9: The lincar expansion coetficient. 2, plotted against Young's modulus, £. The contours
show the thermal stress created by a temperature change of 1°C if the sample 15 antally constrained. A
correction factor € is applied for biaxial or 1naxial constraint tsee teat)

reducing the mean free path to atomic dimensions
(=10 "m). much reduzing 4 and .

Electrons do not contribute o conduction in cer-
amics and polymers. Heat is carned by phonons—
lattice vibrations of short waveclength, They are
scattered by each other (through an unharmonic
interaction) and by impuritics, latuce defects and
surfaces: 1t is these which determine the phonon mean
free path, / The conductivity 1s sull given by equation
(19) which we wnite as

imipCl (20)

but now &is the clastic wave speed (around 10" mys—
see Chart 1) and pC, is the volumetne specific heat.
I the crystal is particularly perfect, and the tempera-
ture is well below the Debye temperature, as in
diamond at room temperature, the phonon conduc-
tivity is hight it s for this reason that single crystal

diamond. silicon carhide, and even alumina have
conductivitics almost as ligh as copper. The how
conductivity of glass 15 caused by its ireegular amor-
phous structure: the charactenstic length of the mol-
scular linkages (about 10~"m) determines the mean
free path. Polymers have low conductivities because
the clasuc wave speed & 1s low (Chart 1), and the
mean (ree path in the disordered structure os small.
The best insulators are highly porous matenals
like firebnck, cork and foams. Their conductivity 1s
limited by that of the gas in their cells, and (in very
low density polymer foams) by hecat transfer by
radiation though the transparent cell walls,

3.9. The thermal expansion-ntodulus chart (Chart 9,
Fig. 13)

Almost all solids expand on heatng, The bond
between a pair of atoms behaves hike a linear-elasuc
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spring when the relative displacement of the atoms is
small; but when it it large, the spring is non-lincar.
Most bonds become stffer when the atoms are
pushed together, and Jeis st when they ate pulled
apart, The thermal vibeaton of atoms, even 3t £001n
tempetature, snvolves large displaceracnts: as the
temperature is raised, the nonslincar spang censtant
of the bond pushes the atoms apatt, in2teating their
mean spacing. The cffect 15 measured by the lineor
¢xpansion coefficient

3 o — 121

wherte {13 2 bincar dimension of the bady A quanti-
tative development of this theory leads 1o the relation
G,

phidding.] h2]
3. 3 122}
whete 3, 18 Gruncisen’s constant, g value ranges
velween about 0.4 and 3, but for moxst sohds it s
near 1, Since pC, 15 almost constant fequation (18],
the equation tells ug that x is proporional o 1.E
Frgure 13 showsx that thit 14 30. Diamond. with the
haphest modulus, has one of the Towest coetlicients of
expanston; ¢lastomers with the lowest modul expand
th: most. Some matenals with 3 low ¢oordination
number (nilica, 2nd somc diamond-cubic or ance
blende structured matenals) can absorb encrgy pref-
creatially in transverse modes, leading to a very smell
{even 2 negative) value of yq and a low expzanion
coeflicient—that is why S$i0; 1 exceptional. Others,
like Invar, contract as they lose ther fcrromagnetism
when heated through the Curie temperature and, over
a narrow rangs of temperature, show near-2¢ro
expansion, useful in precision equipment and In
glass-metal seals.
One more useful fact: the moduli of matenals seale
approximately with therr melung point, T, (see, for
example, Ref. {9])

100 k7,
Q

where k is Boltzmann's constant and Q the volume.
per-atom in the structure. Substituting this and
equation (18) for pC, into equation (22) for x gives

7o
106 T,

~the expansion cocfficient varies inversely with the
melting point. or (equivalently stated), for all solids
the thermal strain, just before they melt, is the same.
The result is useful for estimating and checking
expansion coefficients.

Whenever the thermal expansion or contraction of
a body is prevented, thermal stresses appear; if large
enough, they cause yielding, fracture, or elasuc col-
lapse (buckling). It is common to distinguish between
thermal stress caused by external constraint (a rod.
rigidly clamped at both ends, for example) and that
which appears without external constraint because of

Ex

23)

X~ (24)

temperatue gradients in the body. All scale as the
quantily 3£, shown 33 a sct of diagonal contours on
Fig. 13. Morte preaisely, the stees da produced by 3
temperatuge change of 1°C in 1 constrained system,
ar the stress per € caused by 3 swudden change of
surface temperatute tn one which 15 not constrained,
15 pven by

Cdg naf 128

where € w | for anial consteaint (1 = v, for buanal
congtrunt or normal quenching, and 11 =2v) for
tnaxal consteaint, whees v 15 Pouson’s ratg These
stecgies are farge: typreally | MPa:K, they can cause
a matenal to yicld, er erack, or spall, ve buckle, when
it 13 suddenly heated or cooled. The restance of
matenals to such damage ts the subjeet of the pent
secton.

J10. The nurmalied steength==theenial expangion
chart (Chaet 10, Fig 1)

When 1 cold ee-cube 15 deopped int0 a glass of g,
neracks audibly. The e i fahing by thermal shoek
The atulity of 2 matenal 1 wathstand such wenes s
measured by us thermal vk pesotance 1t Jepesds
on s theemal eapansion coctlicient, 3. and s nor-
malised strength, ¢, £ They ace the axes of Fig. 18,
on which contours of constant ¢, 2 are plotted. The
tensile steength, o, requires defintiion, Just as g, did
For brittle solids, it 15 the teanile fracture strength
(roughly equal to the modulus of mpiure, or MOR).
For ductile metals and polymars, it 15 the tensile
yield strength: and (or composites it 15 the stress
which first causes permanent damage tn the form of
delamination, matnx cracking of fibre debonding.

To use the chart, we note that a femperatute
change of A7, applied to a constrained body—or 3
sudden change AT of the surface temperatute of a
body which is unconstrained~—induces a stress

ExAT .
am T (26}
where C was defined 1n the last section. If this stress
exceeds the local strength o, of the matenal, yielding
or cracking results, Even i 1t does not cause the
component to {ail, it weakens it, Then a measure of
the thermal sheck resistance is given by

AT o, s
< " (217

This 15 not quits the whole story. When the con.
steaint 15 internal, the thermal conductivty of the
material becomes important. Instant cooling requires
an infinite heat transfer coefficient, . when the body
is quenched. Water quenching gives & wigh A, and
then the values of A7 calculated from equation (27)
give an approximate ranking of thermal shock resist-
ance. But when heat transfer at the surface 1s poor
and the thermal conductivity of the sahid 15 high
(thereby reducing thermal gradients) the thermal
stress is less than that given by equation (26) by a
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Fig. 14, Chatt 10: The normalised tensile strength, o, E. plotted against hinear coctficient of eapansion, 3.
The contours show 3 measute of the thermal shock reustante, AT Corrections must be apphed for
constraint. and to allow for thermal conduction dunng quenching.

factor 4 which, to an adequate approximation, is  called the Biot modulus. Table 3 gives 1ypical values

given by of A, for cach class, using 2 section size of 10 mm.
thii The equation defining the thermal shock resistance,
A e 28) AT, now becomes
1+ thii 28) )
where 7 is a typical dimension of the sample 1n the g .
N BAT = — 129)
dicection of heat flow, the quantity th/ 1s usually 2£
Table 3 Values of the factor A (Section ¢ = 10 mm)
Conditions Foams  Polymers Ceramxs Metals
Air fow, slow (h « 10 Wim?K) 078 0.5 Ixlo? Ingo !
Blach body radiation $00t0 0 C
th = QW.m*K) 093 06 o2 13x10°%
Air fow, a3t (A = 10 Wim* K) 1 0.8 0.25 Ixlo?
Waler quemr slow
(h = 100 Wi/ X) 1 1 018 0.2}
Water quench, fast
th = 10 Wim K) i 1 1 01-09
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where 8 = C/A. The contours on the diagramarcof 8
AT. The table shows that, (or rapid quenching, A i
unity for ol matenals except the high conducuvity
metals: then the thermal shock resistance 15 nunply
read from the contours, with appropnate correction
for the constraat {the factor €). For slower quenches,
AT us larger by the factor 1 A, read from the table.

4 CONCLUSIONS AND APPLICATIONS

Most rescarch on matenals concerns igelf, quite
peopetly, with precision and detal, But it 15 oxeston.
ally helpful 1o stand back and view, as w were, the
gencral lie of the land: to weck u framenork into
which the parts can be fitted; and when they do nat
fit. (0 examine the inleceting excepiions. These
chiarts are 3n avempt 1o do this for the mechanical
and thermal propertics of materials. There is nothing
new 1n them except the mode of presentation, which
summanices information 1 a compact. sccessible
way. The loganthmie seales yre wide—wide cnough
10 include matenals as diverse ax palymer foams and
high perfarmance ceranes~allowing a campanson
bewween the propertics of all classes of sold. And
by choosing the 2xes 1n 3 sensible way, more infor.
mation cin be displayed: a chast of modulus £
against density p revesls the fongitudinal wave
veloaty (E.p) % a plot of fracture toughness Ky
against modulus £ shows the (racture surface energy
Gy 1 diagram of thermal conductivuy 2 sgainst
diffusivaty, o, also gives the solume speaific heat pC;
expansion, 3. against normabsed strength, g, E, gives
thermal shock resistance AT,

The most striking f{eature of the charts 18 the way
in which members of 2 matenial elass cluster together.
Despite the wide range of modulus and densuty
agsociated with metals (25 an example), they occupy
3 ficld which 15 disunct from that of polymers. or that
of ceramucs, of that of composites. The same s true
of strength, toughness, thermal conductivaty and the
rest: the fields sometimes overlap. but they always
have 4 characteristic place within the whole picture,
The position of the ficlds and their relationship can
be understood in simple physical terms: the nature of
the bonding, the packing density, the lattice resist-
ance and the vibrationul modes of the structure
{themselves a function of bonding and packing), and
so forth. It may seem odd that so little menuon has
been made of microstructure in determining propers
ties. But the charts clearly show that the first-otder
difference between the properties of materials has ats
origins in the mass of the atoms, the nature of the
interatomic forces and the geometry of packing.
Alloying. heut treatment and mechanical working ull
influence microstructure, und through this, proper-
ties, piving the clongated balloons shown on many of
the charts; but the magnitude of their effect is less, by
factors of 10, than that of bonding and structure.

The charts have other applications. One is the
checking of data, Computers consume data; thar

OVERVIEW NO. %0

output is no better than thar input; gatbage in
13 often said), garbage out, That ercates a need for
data valition, ways of cheeking that the vialue assigned
10 3 mater | property 15 raasonable, that nt hes
wedun . spected ficld of values. The charts define
¢ umte of the fields. A value, 1f t hies within the
tield. 35 neasonable: of st lies outtide 1t may not be
atang, hut it 1g excepuonal and should, perlisps, be
questioned,

Another conceens the nature of data. The chants
tthis 15 not meant 10 sound profound) are it section
through a mult-dimenstonal propertyspave  Each
matenal occupies 3 small volume in this space; clasia
of matenal occupy u somewhat larger volume I data
for a matenal (3 new polymer. for instance) he
outstde its charactenstic volume, then the matessal i,
1 some sense, novel. The physicdl bans of the
property deserves investigatton and explanatton.

Thete i3 another faect to this. that of “the new
material looking for an applicahon™. Extublished
matenals Bave uppheations: they are known The
first-ordae approach 1o wWentifving applicatians for 3
new matecsal 15 10 plot ats positton on charts and
examine s envirdnment. 18 it hghter, or wilfer, or
stronger than its ncighbours? Does 1t have a better
value of a destgnelimiing combination hke e £than
they? Then it may compete tn the applications they
currently enjoy.

Finally, the charts help 1n problems of matenals
selection, In the carly stages of the design of a
component or structure, «lf matenals should be con-
adered: failure to do 30 may mean & mussed oppors
tunity f{or innovation or improvement. The number
of materials available to the enpineer 15 enormous
{esumates range from $0.000 to 30.000) But uny
design 15 limited by certainr matenial propesties—by
sutlness £ or strength o, for instance, or by combis
nauons such as £'° por K a,. These desgnelinurs
ing properhes are precisely those used s the axes of
the charts, or the “guide lines™ plotted on them. By
following the procedures of Section |, a subset of
materials 15 1solated which best sausties the pnmary
demands made by the design; secondary construnts
then natrow the choice to onc or a few possibiliies
{examples in Refs {1} and [24)).

A final word. Every cffort has been made to tnelude
in the charts a truly representative range of matenals;
10 find reliable data for them: und 10 draw the
envelopes to enclose all reasonably common members
of a class to which they belong (not just those
speaifically listed). | am aware that the charts must
stll be imperfect, and hope that anyone with better
information will extend them,
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Overview

Infoematton un material peopertics 1g essential to engineering design. The beeadth

end preciston of the dara that the designer requires depenid on the stage the

design has reached: ut the start tthe “concepual’ stage), law level Jats for ell

Materials maiereals; ut the finish tthe 'J(lalllcd design” stuge). data o1 o high level uj’

1 3 precistan [nr ane or a few maieetals. In this paper, o procedure [oe mateeislt
8°|80t'°" mn Selection in mechantcal destgre 18 Jesertbed h“l;‘lfh aflanfx the wlentificattion, fram
COHCG-'-tua' antang the foll ringe of mterntls ovalable 1 the engineer. the mbsel mosd Ik

. " tes perfarmt best in o given wpplicatton, MST e
design
£ 1939 The Instuute of Metsls. The author 18 in the Enginecring Department
Unrverstar of Cambenlee. This paper wag presented at the Materisle 3% conlererce
NMatersals und Engineering Design®, held tn Londun va 9-11 May 195X and
M. F. Ashby arganiteid by The Inststute of Metals,
Introduction wyteome 15 successful, the designer procceds 10 the detaled

T an xand thast chere are more than 20000 matenals avalable
to the engincer Matenialk entet all aspects of eagincenng
dengn, from the most integrated of microclesttanics 1o the
most massine of el engineening structures, The cost of
matenals wn aucroclectranies 15 o small fraction 15 3" 4 ol
the cost of the praduct. By conteast, in mechamcal and il
enginecning, matertal conte ulten evceed 507, of the product
cust and the volume of matenal uied 1t wery large Thus,
this oserview 4 restncted 1o the matenals of mechamcal
and ol engacenng. B here that the vompetition
between matenale i greatest and oppartunitics for innovi.
tion are most marked. It 13 convenient to catalogue these
materials into six broad clasies tgee Fig. Ik metals,
polymers. clajtomers, ceramics, glasses. and composites.
Within each class, there is some commonality tn propertics,
processing, and use pattern, ¢.g. ceramics have high moduli,
polymers have low moduli; metals ean be shaped by casting
and lorging, compasites require lay-up of special moulding
techniques. However, this compartmentahsation has ws
dangers: 1t ¢an lead to specialisation (the metallurgist who
knows nothing of polymers) and to conscevative thinking
I"we use stecl, because we have always used steel’s

There was & time when metals so dominated mechanical
design that sgnorance of the potenual of other matenals
wat hardly a handieap, but that has changed dramancally
The rangz of matenals available to the engineer 15 lagger.
and is growing faster, than ever before [see also Rel. 1) New
matenals create opportunities for innovation, for new
products, and for the evolutionaey advance of extsting
products 1o give greater performance at lower cost.
Matkets ate captured by the innovative use of new mater-
ials and lost by the failure 10 percenne the opportunities
they preseat: but how 1s one to find one’s way through the
enormous catalogue, narrowing 1t down 10 a single, sensible
choice? Can one devise u eational prucedure for matenal
selection? To answer that the design process must first be
discussed briefly,

Materials data in design procass

In the central column of the Nowchart of Fig. 2, the stages
of the design process®™? are shown much simphfied. A
murket need ts wdentified. A concept for a product which
meets that need is devised. If approximate calculauons (left-
hand columns) show that, in panciple, the concept will
work, the design proceeds to the embodiment stage: 2 more
detailed analysis, leading to a set of working drawings
giving the size and layout of each component of the
product, esimates of its performance, cost. etc. il the

dusign wiage full anabyns tuung computer mothade of
aosTianyl or entical components, prepatation of dotaled
production drawings, apecilication of telerance, previnen,
pmmng methuds, Nohing, ete

Matenals seloction® * entees at every stage of the desgn
peocess, but the natute of the data for the matenial propet-
tict required at cach stage dilces prestly an e Jevel of
precison and beeadth (Firg 2, aghthand columnst AL the
wwaveptual deagn stage, the designer requites approvmate
dJata for the widest possible range of matenals, Alt oplions
arc open; 4 palymer may be the best choree for one coneept.
a4 metal fae annthee, cven though the functton 14 the wime
Those 1y pes of data are found in low precsiion tables such
a3 those of the Fulmer Matenals Opumiser,” the Matenals
Scleetor.” or tn matenals selection chacts of the 1y pe shown
below. The tow level of precision 15 not a problem; 1t 15
petfectly adequate for this 1ask. The problem is ac¢eis: how
can the data be presented to give the designer the greatest
ficcdom in considering alternatives® The charts help heze
aad cramples are given below

Embodiment destgn requires data at the second Jevel of
precision and detall. The mote detaled  calculations
involied in deciding on the s¢ale and Lay-out of the design
tequire the tse of more detailed compilstions, multnolume
handboaks such as Refs. 8-12 ar computer databases that
contain the same anformation. These hst, plot and compace
propetties of 1 single class of matenals and allow chvoe at
4 level of detail not possible from the broader campilations
which include all matertals,

The final stage of detatled design requites a sull higher
level of precision and detail. This 1s best found 1o the
datasheets issued by the matenal producers. A given mater-
fal {e.g. low density polycthylene) has a range of properties,
which derive from differences in the methods of manufac.
ture of the various producers. At the detarled design stage, a
supplier should be idenuficd and the propertics of hi
product used in the design caleulation, but sometimes even
this 15 not good cnough. If the component 15 4 enticsl one
(meaning that its fallure could, in some sense or another, be
disastrous), then it may be prudent to conduct in-house
tests, measuring the critical property on a sample of the
batch of material that will be used to make the actual
product,

This overview 1s concerned with the first level of data
the broad, low preciston compilation - and methods of

r2sentation to simplify the task of selection.

Materials selection in conceptual design

It 1s important, as 1s stated above, to start the design
process with the full menu of matenals in mend; falure to
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“

METALS

# CERAMICS
couposnss) KR Ry
/ %L
\
ELASTOMERS GLASSES |
y

1 'Menu’ of engineering matarials; sach class has
properties which occupy perticular pert (or field) of
each of matetials selection chacts (0.9, 5e¢ Figs. 3, 5,
7.9.11)

do 30 may mean a missed opportunity The imincnsely wide
choice 15 nacrowed, finst, by primary consteaints dictated by
the design, then by seeking the subsct of maténals which
maximise the performance of the component. Onc way of
doing this quickly and cffcctively is by using matesials
selection charts.

The idea behind the charts is sllustrated by Fig. 3. Onc
material property (the modulus in this instanee) is platted
against another (the density) on loganthmie seales. When
this i done, it is found that data for 2 given clags of
matenals (e.p. enpincering polymers) cluster together: they
can be enclosed in a single “balloon’. The balloon
constructed to enclose all matesials in the class « exen those
not explicitly histed on the chart. As a result, data for £ and

a
)

e

iwint
[ 8] ¢

YOUNG'S MODULUS, E (m"?)

W B

p ’ 9

A/’é;\::. @ 34 J

D] '9 3
DENSITY. p Hgal)

J Schematic of matecials selection chart = Young's
maodulus £ s plotted against density p on log scales
20 pecformance ctitetis (e.9. E/p ot E4ip) can be
esxamined easily = sach class of nistecint (10¢ Fig. 1)
occuples chatacterlstic part of chact

[~

# for all mateasald, are displayed in i comentently access:
ible way.

Peimary constraints in inatenals sclection are imposed by
those charactenstics of the detign of 3 component thay are
non-negotiabile: the temperature and enviconment to which
it is cxposed, its werght, its cost, €1, I these ute speaificd, all
but the subset of matenals which sausly these nonsiraats
can be climinated, A primary consteaint corresponds 10 3
honzontal or veitecal line on the Sagram: all matenals 10
onc $1de of the tine can be rejected,

Further narcowing 13 achiered 0y scching that combina.
tion of propecttes which maxtmises the petformanes of the
component For most conimon lead baanng companents,
performance is himited, not by a single preperty, but by a

MARKET
NEED
METHODS SELECTION
APPROXMATE — ALL MATERIALS
ENGINEERG A:#I!:LS!'YS ) conc E/PT AOW PRECISCHI MAtERLLE
SENSE SCENCE
STATISINS SIRLCICRE
Drnawes T
stagss BETTER — SUBSET OF | [T oS
Ve ANALYSIS MBODIMENT MATERIALS | bwococnng
PERFOIMLICE ariry
FLugs (ZJETE R
NEAT OPTIMISATION
METHODS. Fitgigoe 0,3
coER EFECENTY 4
S0 DETAILED — = SeonIwis
ANALYSI N OHEMATERIAL .
AL ‘ES"E?;?. DETAIL ) 1BES] ‘E?fi.g:‘.e
EXACT
DIMENSIONS
PRODUCT

2 Design process, much simplified (central column), showing how engineering science and materials science
intarface with each stage: breadth and precision of materials data required at esch stage differ greatly
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combination ef propertics. The lightest tie rod which will
carey 3 given axial Joad 15 that with the geeatest value of
€,/p. whete g, s the yicld streagth and p s the deanty of
the material. The lightest column which will suppert 3
given compressive foad without buckling 13 that with the
greatest value of ' piwbete £ 15 Young's madutush The
best matenal for 3 spring. tegardless of i1 shagc 0t the way
{t1s 1oaded, i3 that with the greatest valuc of ¢ E. Ceramics
with the best thesmal shock resstance are thase wah the
1argest value of g, 3E, where o is the lracture stecss and 3 14

the thermal eoetficient of cxpansion, Thete are numerous
such combinatians, depending on the application and thase
for some simple loading geometricd ate given in Table
The charts can be uied 10 scleet materials which maximuic
any one of thoe combinations, Referning again to beg X
the cunditron

Epm(
or, takiag logs,
g Enlogp+lopC

Teble 1 Property combinutions which detetmine performance in

minimum weight design (for mini

1 cost design, p is

replaced by Cup. whera C, 1a relative cost pee unit weight of

matecis!
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thee
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Tebie I Besic subset of mateclel properties

Polovve tool. &

Donaty o, Mg m ?

Young's module £ GNm !
Swengh ¢ MNm ¢

Campurg CoeliGrent 1201
Thermal cOndikinnty 0. W 'K "
Thorenal Gltysnvy & o'y
Thermat geponngn 1. X *
Swengih ot temoerature 2, MNm F
Weer risg WTA

Cirtpoan resutance

is 3 family of strarght patalicl lincs of unit stope onc hine far
cach value of the conjtant €.
The condition

Epwue

gives another sct, in this initance having 2 slope of L
A third condiien

EN'P Yol

pives yet another sct of slope ),

1is now casy 10 read off the matenalt which arc eptimal
for cach loading geometey  ataumung, of voutie, that an
othee facton e g. coreatian feintanvel aced be wonndered
11 2 strasght edge o5 Ind paralle] 10 the hae €8 % pwe i)
the matetialt which lre 00 the hine wall peefotin equaliy well
ai 2 light Qluma 1aded 1n umpraaton; thine abore the
line are better, those below, wonie. If the strasght edge
translated towands the top left cotner of the dragram, the
chore natrows. AL any given postian of the odge, two
materiali which be on its edge are cqually good 3ad enly
the subtets which remamn 3bove ate better The 13tme ped-
eedure, 3pplicd 10 the uc cod (E.p) or plate in bending
1E' :p), kead 10 different equivalences and optimal subsets
of matenial,

In mechanical design. there are 12 propertics which,
uingly or in combination. usually hmit performance and
these are given in Table 2. There ate charts for all these
properties n  the combinations which xcur most
ftequently '3 Four of the charts are discusied below uung
boefl cxamples of how cach chart allows matenals to be
selected for a particular application,

Materials selection charts and their uses

MATERIALS FOR TABLE LEGS

Luigi Tavolino, futniture desigacr, conceives of a light.
weight table of daring simplicity: a flat sheet of toughened
glass supported on slender, unbraced, cylindnical legs
{Fig. &) The legs must be solid {10 make them thinj and as
light as possible (1o make the table easier to move). They
must support the load imposed on them by the table tap
and whatever 15 placed upon at, without buckhing. What
materials could onc recommend?

Slendetness imposes u pamary constemnt:  slender
columns must be stiff, that 15, they must be made of a
matenal having 3 high modulus £. Lightness, while sull
supporting the design load, puts a furthee cestaiction on the
material chosoe: reference 1o Table | (and the discussion of
the previous section) suggests that the choice should focus
on matensls having high values of £' ! p. The appropnate
chart 1s shown in Fig. Sa, on which Young's modulus £1s
plotted against density g 1t 15 the chart of which Fig. Jis u
schematic. Matenals of a gnen class cluster togethen
metals in the top nght, composites near the middle,
polymers near the bottom, etc. In Fig. $b. the sclection
procedure 1s shown. A line of slope { 15 drawn on the

duagram; this line hinks materiale having equal values of
E' ¢ p. Matenals above the hne are better chorees for this
application than matenais on the hnc: tmateaals below are
wotie. The line is displaced upwards untd 5 reasonably
small sclection of matenals remaing above wt These ate
wlentificd on Fig. f woedt, compenites (parikularly
CFRPL and cortaim spcral capincenng coramics. Metals
ate not suitable they are far o heavy: 5@ aled ate
polymees, because they are not neatly suff eaough. The
chowe #f further nateowmed by the primary coniteaing that,
far Slendeencd, € must be large A hanantal line o the
thagtam hinks matenals having cqual valuct of £ thoe
above ate stffer 1t can be scen fram Fig 4 that thig now
chimnates woddL The beat chotce 1 CFRI: ting wheh
legi of the same waght as, but thinnee than, wonden onct
w3n be made At tht stage. dther aapeets of the datign must
b caatruncd. steength, Cout, cit. fue which thote ate other
charts, but diusndn 13 limaied 1O thdne prosentad bete

MATERIALS FOR FORKS OF RACING
BICYCLES

The At coninderation in bicycle deagn 1R 6115 stesagth
Suffaca tg 3 fa2toe, of couric: byt the intial ¢ augn entenan
o that the frarme and forky should aot yeld oe fradiure 1
naonal uie. The loadizg on the frame n aot vhvigus,
rractice, i 15 3 wembueation of asal foading and bending
at 0 the fothricampler it u pratoruaantly bending.
the huicyele i for raang. then the werghl 1 3 prnan
vomderatian: the facks should be at lght ac potuble a0 4
mateetal haviag the preatcit value of of p should I
chaicen tree Tadle 1L

The appeapriate chart it shown in Fig T sitengthincld
sieength {or ductile matenials, crushing strength for baulel
plotted sygainit deasiy As in the previous example. matets
1als of the same elasz cluster together in One atea of the
chact: metals near the top nght, polyment in the middle,
structueal foams tn the bottom left, In Fig 75 the sclection
rro«duu 1 shown, A line of slope { 14 drawn on the chart,
t links matcnals havieg the same value of af ¥ p, 1c
materrals which (a4 far a8 strenyth 12 20ncetncd) ate cqually
paod for making the forks of a racing bacycle Al marenials
abore the lize are bettens those helow are worie.

Four maenals are singled out: high strength slumintum
17078, T4) 25 utsntum 2lloys are equally good. Reynoids
$31 {2 high stength steel popular for bicyele frames) 15 a
hitle lest oo, CFRP is definitely better. AR this stage it 13
necessasy (0 exzmine other aspects of the matcnal chosee
stiftacas, resistance 10 feacture, ctc. ithere sre charts (o 33sst
with thit), and 10 cxamine the cost of fabneation (though, to
the commuticd racing cyclist, cost 15 strelevanth Again,
CFRP emetges from such an analysis a5 an atlractne,
though expensive, choice; and, of course, 1t 15 used tn
exactly this application.

MATERIALS FOR SPRINGS

Springs can be of many shapes (Fig 81 and have many
putposes. Regatdless of their shape or use, the best matenal
for 2 spung of mimmum volume (e.g. for a watch) 1s that
having the greatest value of a,’,’E. The reasons for this ate
not discussed hete, but the result 15 used to wtroduce the
chart shown in Fig. 9a: modulus £ plotted against strength
a. As utual, materials cluster together by class although
there is some oveelap. This diageam h.is many uses. one 1s
the identification of good matenals for springs.

The selection procedure s shiown in Fig. 9b. A line of
stope | links matenals having the same value of o} E. As
the line 15 moved to the right (to increasing values of of E)a
smaller selection of materials remains. The result 1s shown
in the figure, where eandidate matenals are identified. The
best choices are a high strength steel (spring steel, in fact)
and at the other end of the line, rubber. Certain other
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4 Lightweight table with cylindricsl legs which ste required 10 be slender, but which must not buckle slast.
ically when table Is loaded: matecial having high values of £ and E¥¥/p is therelore required
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5 aMaterials selection chart 1: Young's modulus against density (balloons enclose dats for given class of material);
b materials for light, slender columns: wood Is good cholce, 80 Is composite such as carbon fibre reinforced
plastic (CFRP), which (having higher modulus) gives column that is both light and slender
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7 aMaterisls selection chart 2: strength (yield strength o, for ductile materials, compressive crushing strength for
brittle solids) plotted against density p;: b materials for forks of racing bicycle: Ti alloy or 7075 Al alloy perform
better than steel. CFRP better still, but other aspects of design (stifiness, resistance to fracture, fabrication
costs, etc.) must ‘1e examined before final cholce Is made
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8 Springs: badt matacial for any spring. regardiess of its shape or way In which it Is loaded, is that having highest

T

value of ¢l/E

9 2 Materials selection chart 7: Young’'s modulus E againvt strength (yield strergth o, for ductile materials,
compressive crushing strength for brittle solids); b materialy for springs: rubber, of course, is good, high strength
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10 Pressure vessel containing a flaw: safe design requires that pressure vessels should leak before they bresk
and therefore best matecial is that having greatest value of X, /e,
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11 2 Materlals selection chart 8: fracture toughness X, against strength o,: b materials for pressure vessels: stesl,
Cu alloys, and Al slloys best satisfy ‘yleld before bresk’ criterion and high yleld strength allows high working
pressure - materials In remalning triangle are best cholce
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materials are also suggesicd: CFRP [now used for truck
springs), titanium alloys (good but expensive), glass (used in
galvanometers). and nylon (children’s toys often have nylon
springs). Note haw the pracedure has identified the best
candidates from almost cvery classs metals, glasses,
polymers, and co mposites.

SAFE PRESSURE VESSELS

Pressute vesscls, from the simplest acrosol can 1o the
biggest boiler, ate designed, for safety, 10 yield before they
break, The details of this design method vary. Small pres-
sure vessels are usually designed to allow general yield at a
pressure still too low to propagate any erack the vessel may
cantain (yicld before break’); then matenals having the
largest possible value of Ky, g, are the best choice = they
will t0lerate the biggest flaw. Wah laege pressure vessels
this may not be possible: 1nstead, safe design 15 uchiered by
cnsuring that the smallest crack that will propagate
unstably has a length greater than the thickness of the
vessel wall {leak beflore break’, Fig, 10), and the best choice
of material is onc having a large value of X, That
covers safety: the actual pressure that the vessel ¢an hold is
preportional to a,, 50 the designer also secks to maximise
that property.

These selection ¢niteria are most casily apphed by using
the chact shown in Fig. 11 on which the fracture toughness
Ky Is plotted aganst strength o,. Steong, tough, matenals
lie towards the top nght; hard, batle matenals in the
bottom right, etc. The three critena appear as lines of slopes
1 and | and as lines that are verueal, Taking yicld before
break as an example (Fig. 114k a diagonal line cortes-
ponding to X,,/a, = C links matenals of equal performance;
those above the line are better. The line shown on Fig. 1A
excludes everything but the toughest steels, copper, and
aluminium alloys, although some polymers are only just
excluded (pressurised lemonade and beer containers are
made of these polymers).

The pressure which the vessel can hold depends also on
the magnitude of g, The vertical line excludes all materials
of yield strength <100 MN m=2, leaving only tough stecls
and copper alloys. Large pressure vessels are always made
of stecl. Those for models {e.g. model steam tracuon engine)
are of copper which is favoured in the small scale applica.
tion, because of its greater resistance to corrosian,

Conclusions

Materials are being evolved faster than ever before, New
and improved materials create opportunities for innova.
tion, The opportunities can be missed unless a rational
procedure for material selection is followed.

At the concepiual stage, while the design is still *Ruid®, the
designer must consider the full menu of materials: metals,
polymers, clastomars, ceramics, glasses, and numerous com-
posites. Material aa for a single class or subgroup of
materials (suitable for the embodiment stage) are available
in handbooks and computerised databases; 2nd the precise,
(ull data for a single material (required at the detailed
design stage) are available from the supplier of the material,

or can be generated by in-house tests.

The difficult step is the first: choosing from the vast range
of engincering materials an initial subset on which design
calculations can be based. One approach to this problem 1s
deseribed in this paper. Data for the mechanical and
thermal propertics of all materials are presented as 4 set of
tatenals sclection charts, The axes are chosen to display
the common performance limiting propertics: modulus,
strength, toughness, density, thermal conductivity, wear
rate, ete. The logarithmue seales allow performance himiting
combinattons of properties {such as £'2 p or £ 10 be
examined and compared,

The examples given in the text show how the charts give
4 broad oserview of matenal performance i a given
appiication and allow a subset of matenals (often drawn
from scveral classes) to be wdentified quickly and casily The
uses are much wider than those shown here charts eust
which help with problems of dynamies, heat tronsfer.
thermal stress, wear, and cost They help, (0o, 1n finding a
niche for new materials: plotied on the charts, the applica:
ttons in which the new material offers supersor performance
become apparent,

Al present, the chitrts exist as hand drawn diagrams such
as those shown here, but 1€ 15 an attractive {and attanable)
goal 10 store the data from which they are constructed n a
database coupled to an appropnate graphics display W
allow charts with any combination of axes to be presented.
and to construct on them lines which 1solate mistenals with
attractive values of performance limiing propertics Yust us
in the examples) leading to a printout of candidate mater-
1als with their properties. A microcomputer based system of
this type is at present under development in the Engineer-
ing Department at the University of Cambndge.
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